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In the last few decades, nanocarbon materials have been in the center of attentions 
and they have been expected to contribute to the further developments of 
nanotechnology. In general, the first discovered nanocarbon material is fullerene C60, 
also called as buckyballs. Fullerene was discovered in 1985 by Kroto et. al. at Rice 
University.1 Fullerene is composed of carbon atoms, which are connected in the 
continuous pattern of hexagons and pentagons forming the spherical structure like 
soccer ball. Fullerene shows high mechanical properties arising from the covalent bonds 
between carbon atoms. In addition, fullerene shows the unique electrical property of 
being good electron acceptors. The quantitative synthesis of fullerene was developed in 
1990 by Krätschmer and Huffman2 and stimulated the fullerene researches.  
Subsequently, in 1991, carbon nanotube (CNT), the tubular carbon structure, was 
discovered by Iijima et. al..3 First discovered CNT was multi-walled CNT, which 
consists of several tens of graphitic shells with diameter of around 1 nm and high aspect 
ratio (length/diameter). Afterward, single-walled CNT was synthesized.4,5 The excellent 
combination of mechanical, thermal and electrical properties have raised the interests in 
potential applications of CNT to various fields such as electronic fields. 
In 2004, Geim et al.6 at the University of Manchester reported the mechanical 
exfoliation of single-layered two-dimensional graphene. Though graphite, the most 
stable structure of carbon under the standard condition, has been known as the layered 
structure and has been used since BC, it was the first time to isolate and to observe a 
single layer. Since then, the graphene research showed rapid advances, and they were 
honored with the Nobel Prize in physics.7–9 Owing to the extremely high mechanical, 
electronic and thermal properties, the great strides have been made in the use of 
graphene for highly conducting composites,10–12 transparent electrodes,13 and 
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photovoltaic device applications14.15 and so on. At the same time, the development of 
the high-performance polymer nanocomposites by using graphene as a filler have been 
one of the hottest topic in all over the world.  
Polymer nanocomposites have attracted great attention not only in scientific fields, 
but also in industrial applications due to their excellent properties brought by nano-sized 
fillers. The first major success with polymer nanocomposites was the nylon6/clay 
nanocomposite (Toyota Central R&D Labs., Inc.) with significant improvements in the 
Young’s modulus and the tensile strength.16 Since then, works on polymer 
nanocomposites have been extended to deal with a wide variety of materials. Not only 
thermoplastics (styrenics, polyolefins) but also thermosetting polymers (epoxy resins 
and phenolics) have been used as matrices. Besides, abundant types of nano-fillers such 
as layered silicates and nanocarbon materials have been developed. Nanocomposites 
have been reported to provide remarkable improvements in materials properties, 
including mechanical, thermal and barrier properties, compared with those of neat 
polymers.17–20 It has been strongly believed that polymer nanocomposites reinforced 
with nanocarbon fillers could offer high strength/weight ratios which largely exceed the 
conventional micro-sized fillers composites and will be the lightweight alternatives for 
the use in automotive, aerospace, transport and various industrial fields.  
Figure 1 shows the number of publications of the polymer nanocomposites using 
fullerene, CNT and graphene as keywords. During 15 years, the number of fullerene has 
been constantly below 100. On the other hand, the number of CNT largely increased in 
the beginning of 21st century, indicating the increasing interests in CNT supported by 
the developments of the nanotechnology. However, the number of CNT papers has been 
in plateau state in recent years, while that of graphene has begun to spiraling upward. 
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Figure 1 Number of publications of polymer nanocomposites using fullerene, carbon nanotubes 
and graphene as a keyword (Web of Science). 
 
Since graphene shows the similar behavior to that of the initial increase of CNT, the 
research on graphene/polymer nanocomposites is predicted to be more actively 
conducted in next decade. 
One of the important keys to impart the excellent properties of the fillers to the 
nanocomposites is the dispersibility of the fillers. Due to the strong van der Waals force, 
they tend to form agglomerates in the solvent and/or polymer. Therefore, lots of efforts 
have been made to enhance the dispersibility of the nanocarbon materials. For example, 
the modification of the filler surface and the use of surfactants are the popular methods 
to achieve the high dispersibility in polymers.10,21–23 However, these approaches require 
additional processes and cost, furthermore, there are some environmental concerns for 
using organic solvents. On this subject, nanocarbons, which have some oxygen 
containing groups on the surfaces, have been expected to be the clue. 
Generally, there are several procedures for the syntheses of graphene. Chemical 
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vapor deposition (CVD) is a popular bottom-up method to synthesize graphene with 
large area. CVD is often used to produce transparent conducting film for solar cell or 
touch panel. On the other hand, top-down approach of chemical exfoliation is likely to 
be the simplest and most effective method for the large-scale production of graphene. 
The syntheses based on Hummers method have been often used. The starting material of 
this method is graphite, which is cheap and easily available.24 Graphene oxide (GO) is 
the intermediate formed during graphite chemical processing. GO consists of 
functionalized graphene with oxygen-containing functional groups, including hydroxyls, 
carboxyls, carbonyls and epoxides on the surface. Due to the presence of these groups, 
the distance between graphene sheets increased and enable GO to disperse as a 
monolayer in water. In addition, these groups alter the van der Waals interactions 
between the graphene layers and impart the desired solution processability.25–27 
Recently, nanodiamond (ND), which is synthesized by detonation method, has 
become available. In fact, it was already discovered in 1963 that the nano-sized 
diamond was produced under high pressure-high temperature during the explosion.28 
However, until very recently, the isolation of the individual particles had not been 
succeeded.29 Concretely, ND was produced from the detonation soot derived from the 
explosion of the trinitrotoluene and hexogen under an inert atmosphere. The detonation 
soot was purified by chemical treatment using strong acids, such as permanganic acid, 
nitric acid and sulfuric acid, followed by heat treatment and high-pressure treatment. 
Finally, by bead milling, ND was isolated and was dispersed at nano-scale in water.30 
The size of the individual ND is below 10 nm and it consists of core-shell 
structure; the core of primary particle and the shell of graphitic layer with oxygen 
containing functional groups.31 Diamond is well known for the excellent properties, 
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such as the highest Young’s modulus (1 TPa), hardness (10 in Mohs scale) and thermal 
conductivity (2200 W/m·K)32 among known natural materials, in addition, high 
refractive index, chemical inertness and electrically insulating properties. Since the first 
discovery of the synthesis of artificial diamond in 1955, several methods have been 
developed to synthesize artificial diamond. However, the poor processability of 
diamond has limited the application of the material. On the other hand, ND has the 
potential to provide the superior properties to the materials at nanoscale. Furthermore, 
the rich oxygen containing functional groups in the shell enable ND to be nanodispersed 
in water, and can be the initiation site for various modifications.33 Therefore, ND has 
attracted a great deal of attention as a promising material in various fields such as 
optical and electrical fields.34–36 In addition, since ND was revealed to possess 
biocompatible properties, the research on ND expanded to biomedical field including 
drug delivery system.37 
In the present work, ND and GO were selected as fillers for the nanocarbon 
reinforced polymer nanocomposites. The aim of the work is to impart the excellent 
properties of the nanocarbon materials to the polymer nanocomposites, preserving the 
advantages of the polymer matrices. Regarding the processes for the preparation of the 
nanocomposites, the author used the simple and environmentally friendly processes 
using water as a processing medium. The polymer matrices used were not only water-
soluble polymers, but also water-insoluble polymer. Further investigations were 
conducted by controlling the structure of the nanocomposites. The contents of this thesis 
are organized as follows.  
Part I of this dissertation is concerned with the polymer/ND nanocomposites. In 
chapter 1, poly (vinyl alcohol) (PVA), a water-insoluble polymer, was selected as a 
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matrix. ND was characterized by the microscopic observation and the surface 
information was obtained by the measurement such as Fourier transform infrared 
spectrum (FTIR). The structure of the nanocomposites, as well as the dispersibility of 
ND in the nanocomposites was evaluated. The properties of the nanocomposites, such 
as mechanical properties and thermal properties, were investigated. In chapter 2, poly 
(methyl methacrylate) (PMMA), a water-insoluble polymer, was selected as a matrix. 
Authors developed a unique preparation method to disperse ND at nanoscale in the 
hydrophobic polymer matrix. The structural studies were made by the microscopic 
observation as well as X-ray diffraction. The mechanical properties, thermal properties 
and optical properties of the PMMA/ND nanocomposites were given. In chapter 3, ND 
was used as reinforcement filler in nanofibrillated cellulose (NFC) network. Ionic 
interaction was provided between ND and NFC by the quaternization of NFC surface. 
The nanocomposites based on quaternized NFC (Q-NFC) decorated with ND were 
prepared. The analysis on the decoration of Q-NFC was presented. The mechanical 
properties and the reinforcing mechanism were studied.  
Part II of this dissertation is concerned with the polymer/GO nanocomposites. In 
chapter 4, in the first part, the morphology and the chemistry of GO were characterized. 
The structure and the dispersibility of GO in the nanocomposites were investigated by 
the measurement such as X-ray diffraction. The properties of the nanocomposites, for 
example, the mechanical properties and the thermal properties were discussed. In 
chapter 5, the orientation in the PVA/GO nanocomposites was controlled by the 
uniaxial drawing in order to make use of the high aspect ratio of GO. The effect of 
drawing on the structure of the nanocomposites as well as the orientation of PVA 
crystallites were obtained by X-ray diffraction and the microscopic observation. The 
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effects of the orientation of PVA crystallites as well as the alignment of GO on the 
properties were also given. The comparison of the structure and the properties of the as-
cast nanocomposites and the uniaxially drawn nanocomposites were discussed in detail. 
In chapter 6, GO was incorporated in PMMA, a water-insoluble polymer. The 
preparation method similar to that of the PMMA/ND nanocomposites was used. The 
dispersibility of GO in the nanocomposites were examined by X-ray diffraction. The 
properties of the nanocomposites such as mechanical properties, thermal properties and 
barrier properties were studied. 
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1.1. Introduction 
Polymer nanocomposites have been highly demanded materials not only in 
scientific fields, but also in industrial applications due to the excellent abilities of nano-
sized fillers. The first major success with nanocomposites was the nylon6/clay 
nanocomposite (Toyota Central R&D Labs., Inc.) with significant improvements in the 
Young’s modulus and the tensile strength.1 Since then, works on nanocomposites have 
been conducted on a wide variety of combinations together with thermoplastics 
(styrenics, polyolefins), thermosetting polymers (epoxy resins and phenolics) with 
various fillers, such as layered silicates and nanocarbon materials. Nanocomposites have 
been reported to provide remarkable improvements in materials properties, including 
mechanical, thermal and barrier properties, compared with those of neat polymers and 
micro-sized fillers composites.2,3 
Nanocarbon materials, such as carbon nanotubes, are well known for their 
incredibly high mechanical properties (Young’s modulus ≥ 1 TPa and tensile strength = 
100–150 GPa) and they have attracted interest as reinforcing fillers for polymer 
nanocomposites.4–7 However, the reinforcement effect has tended to be lower than 
expected because of their tendency to form agglomerates in polymer matrices.8,9 In 
recent years, nanodiamond (ND) has been produced by several procedures, such as by 
explosion, and it has been exploited in some fields of nanotechnology.10–12 Diamond is 
well known for its excellent properties, such as the highest bulk modulus, the highest 
thermal conductivity, high wear resistance, chemical inertness and good electrical 
insulating properties. Therefore, ND has been expected to offer polymer 
nanocomposites optimal properties due to its excellent properties, which can approach 
the values of single-crystal diamond.13  
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In this study, we selected poly (vinyl alcohol) (PVA), a water-soluble and 
biodegradable polymer, as a polymer matrix. PVA has been widely used in various 
fields due to the superior properties, such as high modulus-high strength, high optical 
transparency and high gas barrier properties.14,15 So far, PVA has been extensively 
studied as a matrix for polymer composites, and its high performance has been often 
reported.8,16–18 We prepared PVA/ND nanocomposites by simple casting from an 
aqueous suspension, and we investigated the structure and properties of the 
nanocomposites.  
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1.2. Experimental 
1.2.1. Materials  
PVA was supplied from Nippon Synthetic Chemical Industry Co., Ltd. with its 
commercial name “Gohsenol NH-18”. The degree of polymerization was 1800 and the 
degree of saponification was more than 99 %. ND aqueous suspension with the ND 
content of 2.75 % w/w was supplied from Bando Chem. Ind. ND powder was 
synthesized by the detonation of explosive compounds, including TNT (2-methyl-1,3,5-
trinitrobenzene) and RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine), under an inert 
atmosphere. The detonation soot was purified by oxidation with the strong acids, such 
as permanganic acid, nitric acid and sulfuric acid, followed by annealing. After rinsing, 
the ND powder was dispersed in water by wet milling process in bead mill. All the 
materials were used as received. 
1.2.2. Sample preparation 
The PVA/ND nanocomposites were prepared by a simple casting method. PVA 
powder was then added to the ND aqueous suspension which was ultrasonicated for 1 h. 
The suspension was continuously stirred at 90 ºC for 3 h to dissolve PVA. The PVA/ND 
aqueous suspension was cast into a petri dish and dried at room temperature, and then in 
a vacuum at 40 ºC for 48 h. The film thickness was controlled at 100 μm. 
1.2.3. Characterization 
The ND particles and the PVA/ND nanocomposite were observed using a field 
emission scanning electron microscope (FE-SEM) (JSM-6700F, JEOL) at an 
accelerating voltage of 10 kV. Pt/Pd was deposited on the sample surface prior to 
observation. Fourier transform infrared spectrum (FTIR) of ND was recorded on a FTIR 
spectrophotometer (Spectrum GX FT-IR System I-KS, Perkin Elmer) using KBr 
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method. The resolution was 2 cm-1. X-ray photoelectron spectroscopy (XPS) 
measurements were carried out with an ESCA-3400 spectrometer (Shimadzu Co.). The 
sample surface was irradiated by MgKα radiation, generated at 8 kV and 30 mA. X-ray 
diffraction (XRD) was performed using an X-ray diffractometer (RINT2100, Rigaku) 
equipped with Ni-filtered CuKα radiation. The X-ray beam was operated at 40 kV and 
20 mA. The 2θ scan data were collected at 0.02 degree intervals at a scanning speed of 
1.0 degree/min. 
Tensile properties were determined using a tensile tester (Autograph AGS-1kND, 
Shimadzu Co.). The initial length of the specimen was 20 mm and the extension rate 
was 2 mm/min. The number of tested specimens was more than ten. The toughness (K) 
was determined as the area surrounded by the stress-strain curve. It was calculated using 
the following equation: 
max
0
d /K
 
      (J/g)                (1.1) 
where σ is the stress (Pa), ε is the strain, and ρ is the density (g/m3). 
Dynamic mechanical analysis (DMA) was performed with a dynamic mechanical 
analyzer, DVA-220S (ITK Co., Ltd.), under nitrogen flow. A heating rate of 6 °C/min 
and a frequency of 10 Hz was employed. Humidity dependence of the storage modulus 
was also measured by changing the relative humidity (RH) with 1 %RH/min at 60 ºC. 
Thermal expansion behavior was measured using TMA/SS-120CU (Seiko 
Instruments, Co.). A heating rate was 10 ºC/min under nitrogen flow. The instrument 
was operated in tension mode under the stress of 1 MPa. The melting point (Tm) was 
measured by a differential scanning calorimeter (DSC) (DSC-220CU, Seiko Instruments 
Inc.). A heating rate of 10 °C/min was used under nitrogen flow. The thermal 
decomposition temperature (Td), defined as a temperature of 5 % w/w thermal weight 
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loss, was determined by a thermogravimeter (TG) (TG/DTA-220CU, Seiko Instruments 
Inc.). A heating rate of 10 °C/min was employed under nitrogen flow. Thermal 
conductivity measurements were carried out on a series of the PVA/ND 
nanocomposites. The measurements were conducted by using a precise and prompt 
thermal-property measuring instrument (KES-F7, Kato Tech Co., Ltd.). The thermal 
conductivity λ (W/m·K) can be obtained from the following equation: 
                     (1.2) 
where, W is thermal loss of heat plate (W), D is thickness of sample (m), A is area of 
heat plate (m2) and ΔT is temperature difference of sample (K), respectively.  
The ultraviolet-visible (UV-vis) spectra were observed at room temperature using a 
UV-vis spectrophotometer (U-2000, Hitachi Ltd.) at a wavelength scan rate of 400 
nm/min. 
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1.3. Results and Discussion. 
1.3.1. Characterization 
Figure 1 (a) shows field emission scanning electron microscopy (FE-SEM) image 
of the ND particles. The size of the primary ND particles was found to be up to 10 nm. 
The ND particles seemed to be surrounded by the graphitic carbons.19–21  
Figure 1 (b) shows the Fourier transform infrared (FTIR) spectrum of ND. 
Absorption bands around 2830–2960 cm-1 and 1300–1400 cm-1 can be assigned to C–H 
stretching and deformation vibration of alkyl group, respectively.22 The band at 1628 
cm-1 can be assigned to stretching vibration of aromatic sp2 carbon bond which is related 
to graphite. The spectrum revealed another bands from oxygen containing functional 
groups, at 1759 cm-1 (C=O stretching vibration in carbonyl, carboxyl groups) and 
around 1100–1200 cm-1 (C–O stretching vibration in ethers).23–25 Strong absorption 
bands assigned as hydroxyl groups appeared in the spectra area of 3300–3500 cm-1 (O–
H stretching vibration) and 1620–1630 cm-1 (O–H bending vibration).23,24 These are 
 
    
Figure 1 (a) FE-SEM image and (b) FT-IR spectrum of ND. 
a 
b
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originated from the hydroxyl groups of 
adsorbed water on the particles caused by 
the strong hydrophilicity of ND.25 In 
addition, it was reported that a process of 
“self-functionalization” occurred during the 
preparation of ND, acquiring “functional 
cover” including these oxygen containing 
functional groups.26 The spectra area of 
1600–1650 cm-1 is most likely to be 
connected with several band superposition 
including asymmetric O–N vibration of R–
O–NO2 groups. As previously mentioned, 
ND has been produced by explosion using 
explosives (TNT and RDX) under high 
pressure-high temperature.27 Thus the 
observed nitrogen can be the residue in a 
process of producing ND.  
X-ray photoelectron spectroscopy 
(XPS) wide spectrum of ND was shown in 
Figure 2 (a). The existence of oxygen (O1s) 
and carbon (C1s), on the ND surface were 
clearly represented in the spectrum. The 
small peak at around the binding energy of 
400 eV indicates the existence of nitrogen, which was produced in the ND production 
Figure 2 (a) XPS spectrum and XPS 
analysis table of ND; (b) C1s and (c) 
O1s XPS spectrum of ND. 
a
b
c
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Scheme 1 Schematic illustration of the interaction between PVA and ND. 
 
process, as described above. The table of XPS analysis was inserted in the top-right of 
Figure 2 (a). It was revealed that ND contained 15.9 atom % of oxygen, indicating the 
presence of absorbed H2O and oxygen containing functional groups on the surface.  
Figure 2 (b) shows the C1s spectra of ND. The curve was resolved into four peaks. 
The most intense peak at 285.6 eV (peak 1) was related to the bulk diamond and alkyl 
group, and the peak at 283.4 eV (peak2) derives from graphitic carbon species of sp2 
carbon. In addition, the peak at 287.7 eV (peak 3) was assigned to ethers, and the peak 
at 288.6 eV (peak 4) was related to carbonyl groups. The O1s spectrum was fit with 
three maximums as shown in Figure 2 (c). The peak at 532.6 eV (peak 1) can be related 
to carboxyl, carbonyl and ethers groups. The other two peaks (peak 2 and 3) was 
attributed to H2O and oxygen.28 Judging from the results of XPS and FTIR (Figure 1 
(b)), carboxyl, carbonyl and ether groups exist together with hydroxyl groups on the ND 
surface. It was suggested that these oxygen containing functional groups, as well as the 
nanophase of water absorbed on ND surface, had a huge impact on the dispersibility of 
ND as it reported by Korobov et. al. 29 In addition, it was considered that these groups 
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Figure 3 (a) FE-SEM image of the cross section of PVA/ND nanocomposite with 5 % w/w ND 
loading; (b) X-ray diffraction profiles of PVA film, PVA/ND nanocomposites and ND. 
 
contributed to the strong interactions, including hydrogen bonding, between ND and 
PVA (Scheme 1). 
The FE-SEM image of the cross-section of the PVA/ND nanocomposite with 5 % 
w/w ND loading was shown in Figure 3 (a). The ND particles were well dispersed in 
PVA matrix. It was found that ND was dispersed as clusters with 100–200 nm in size, as 
shown in the top-right corner of the figure.  
Figure 3 (b) shows the X-ray diffraction (XRD) profiles of the PVA film, the 
PVA/ND nanocomposites and the ND particles. The diffraction peaks assigned as 111 
and 220 reflections of diamond structure were observed clearly for the ND particles at 
2θ = 43.9 º and 75.3 º, respectively. These results indicate that the ND particles possess 
three-dimensional diamond structure even at a size of no more than 10 nm. In the 
profiles of the PVA/ND nanocomposites with over 5 % w/w of ND contents, the 111 
reflection also overlapped with the 202 reflection of PVA. From the profile, the 
b
a 
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Figure 4 (a) Stress-strain curves of as-cast PVA film and PVA/ND nanocomposites; (b) Young’s 
modulus and tensile strength of PVA/ND nanocomposites as a function of ND content. 
 
crystallinity (Xc) of PVA was determined to be 28 %. The Xc of the nanocomposites 
increased to 34 % and 36 % with 1 % w/w and 5 % w/w ND loading, respectively. 
1.3.2 Mechanical properties 
Figure 4 (a) shows the stress-strain curves of the PVA film and the PVA/ND 
nanocomposites with different ND contents. The PVA film showed the typical stress-
strain curve for a conventional polymer film with yielding. The tensile strength (σmax) in 
these curves, equal to the yielding stress, and the Young’s modulus (E) were found to be 
increased drastically with the ND content. 
Figure 4 (b) shows the E and σmax as a function of the ND content of the PVA/ND 
nanocomposites. The E of the nanocomposite was found to be 150 % higher than that of 
the PVA film and reached 9.7 GPa with only 1 % w/w ND loading. The σmax was 
increased by 30 % compared with that of the PVA film by 5 % w/w ND loading (see 
also Table 1). This high mechanical performances of the nanocomposites implied that 
nanodispersion of ND particles achieved a large interfacial area together with the strong 
ba 
Chapter 1 
24 
 
interaction between PVA and ND. Besides the excellent reinforcement effect of the ND 
particles, the high E value of the nanocomposites also attributed to the increase of the Xc 
of the PVA matrix. Therefore, the outstanding mechanical properties of ND were 
imparted to the nanocomposites effectively. 
Diamond is well known for its extremely high E value, above 1000 GPa. The 
incorporation of diamond particles in PVA matrix as a filler was expected to increase the 
E value of the nanocomposite remarkably. As a first approximation, this increase can be 
predicted using a simple rule of mixture with the following equation (1.3): 
Ec = Ef Vf + Em (1-Vf)                                          (1.3) 
where Ec, Ef and Em are the E of the composites, filler and matrix, respectively, and Vf is 
the volume fraction of filler. Assuming Ef = 1050 GPa,30 Em= 3.7 GPa and Vf =0.005, 
corresponding to  1 % w/w loading of ND, Ec was estimated to be 8.9 GPa, which  was 
comparable to the observed value (9.7 ± 0.6 GPa). 
 
 
Table 1 Young’s modulus (E), tensile strength (σmax), strain at break (εmax) and toughness (K) of 
PVA film and PVA/ND nanocomposites. 
 
 
 
E σmax εmax K 
GPa MPa % J/g 
PVA 3.7 ± 0.2 95 ± 2.5 72 ± 3.1 43 
PVA/ND 0.1 %w/w 6.4 ± 0.5 111 ± 4.6 55 ± 8.9 45 
PVA/ND 0.5 %w/w 7.4 ± 0.6 114 ± 5.2 44 ± 2.1 34 
PVA/ND 1 %w/w 9.7 ± 0.6 115 ± 5.2 41 ± 5.6 27 
PVA/ND 5 %w/w 10.6 ± 0.8 124 ± 5.4 16 ± 2.9 11 
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Figure 5 Relationship between relative change of the Young’s modulus versus that of PVA and 
filler content of PVA/nanocarbon materials (ND, SWNTs31, GO32,33) composites. 
 
Figure 5 shows the comparison of the E value with other nanocarbon material 
reinforced composites reported in the literatures. Liu et al.31 worked on the composites 
of PVA with single-walled carbon nanotubes (SWNTs), being functionalized the surface 
with multiple hydroxyl groups in order to overcome the agglomeration of SWNTs in 
the PVA matrix. They reported that the E value increased from 2.4 to 4.3 GPa with 
0.8 % w/w SWNTs loading compared with the case of the PVA film (1.8 times). On the 
other hand, Liang et al. 32 and Xu et al. 33 reported that the E value increased linearly 
with the incorporation of graphene oxide (GO) in the PVA matrix. GO, one of 
functionalized graphene materials, bears oxygen-containing groups on basal planes and 
edges of graphene. These groups attached the desired characteristic of water 
dispersibility to the pristine graphene. Therefore, the nanodispersion in the PVA matrix 
can be expected. The E value reported by Liang et. al. increased from 2.1 GPa to 3.4 
GPa (1.6 times) with 0.7 % w/w GO loading and Xu et. al. reported an increase from 
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2.1 GPa to 6.1 GPa (2.9 times) with 5 % w/w GO loading, compared with the case of 
the PVA film.  
In comparison to those of other composites, the E value of the PVA/ND 
nanocomposites drastically increased at a low content of ND particles (less than 1 % 
w/w). The PVA/ND nanocomposite achieved an E value of 9.7 GPa with only 1 % w/w 
ND loading, which was the highest value among the examined carbon-based 
nanomaterial composites. As mentioned above, the nanophase of water was absorbed on 
the surface of the ND particles, which could not be observed in the other examined 
nanocarbon composites. Accordingly, the absorbed water will have a large effect not 
only on the dispersibility of ND but also on the interaction with the PVA matrix and 
derive the optimal reinforcement effect of ND. 
The reinforcement effect of the ND particles in the wide range of temperature 
(from -150 ˚C to 200 ˚C) was revealed by dynamic mechanical analysis (DMA). Figure 
6 (a) shows the temperature dependence of the storage modulus (E´) and the tanδ of the 
PVA film and the PVA/ND nanocomposites. For the tanδ, the main dispersion, so-called 
αa, around 62 ˚C was assigned as the glass transition (Tg) of the PVA matrix. The peak 
of this αa dispersion was found to be shifted to the higher temperature, and at the same 
time, the intensity of the peak was suppressed by the incorporation of ND. It was 
revealed that the Tg of the nanocomposite with 1 % w/w ND loading was 18 ˚C higher 
than that of the PVA film. Similarly, the intensity of the β dispersion around -5 ˚C 
was also suppressed by the incorporation of ND. The suppression in the intensity of 
these peaks suggests that the PVA molecular motion was restricted by the presence of 
ND.16,34–36 Due to the excellent reinforcement effect of ND, the E´ value was found to 
increase within the entire temperature range. In particular, above Tg, the decrease of  
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Figure 6 (a) Temperature dependence of the storage modulus (E') and mechanical tanδ of PVA 
film and PVA/ND nanocomposites; (b) Relative humidity dependence of the storage modulus 
(E') of PVA film and PVA/ND nanocomposites at 60 ˚C. 
 
E´ was largely suppressed and the high E´ value was maintained. This indicates that the 
nanodispersed ND effectively suppressed the polymer chains motion in the amorphous 
phase of PVA, resulting in the high mechanical properties of the nanocomposites. 
In addition, the E´ value as a function of the relative humidity was also measured 
(Figure 6 (b)). Since PVA is a hydrophilic polymer, the decrease in properties under 
humid conditions has been a critical issue. The PVA/ND nanocomposites were found to 
maintain the high E´ value under the high humidity. It was revealed that ND has the 
significant reinforcement effect even under the tender conditions for PVA. 
1.3.3. Thermal properties 
The reinforcement effect of ND was also observed in the thermal expansion behavior 
of the nanocomposites. Figure 7 (a) shows the thermal expansion behavior of the PVA 
film and the PVA/ND nanocomposites. The thermal expansion was suppressed and 
the linear thermal expansion coefficients (α) between 40–50 ºC and 80–90 ºC linearly 
ba 
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Figure 7 (a) Thermal expansion behavior of PVA film and PVA/ND nanocomposites under 1 
MPa; (b) DSC thermograms of PVA film and PVA/ND nanocomposites; (c) Thermogravimetric 
traces of PVA film and PVA/ND nanocomposites; (d) Experimental thermal conductivity and 
theoretical thermal conductivity of PVA/ND nanocomposites as a function of ND content. The 
theoretical values were calculated by Maxwell’s equation (1.4). 
 
decreased with increasing of the ND loading as shown in Table 2. The α (40–50 ºC) and 
α (80–90 ºC) were suppressed by 35 % and 36 %, respectively, when 5 % w/w of ND 
was incorporated. This indicates that, as described above, the ND particles suppressed 
the molecular motion of PVA, achieving the effective reinforcement.  
dc 
ba 
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Figure 7 (b) shows the differential scanning calorimetry (DSC) thermograms of the 
PVA film and the PVA/ND nanocomposites. The endotherm assigned as the melting 
temperature (Tm) of pure PVA (around 225 °C) was clearly observed in every case. The 
increase in Tg caused by the incorporation of ND was also observed, being in agreement 
with the results in Figure 6 (a). The Tg and the Tm of the PVA film and the PVA/ND 
nanocomposites are summarized in Table 2. The Tm of the PVA/ND nanocomposites 
was similar to that of pure PVA. Therefore, it was suggested that the incorporation of 
ND had an effect not on the crystalline regions but largely on the amorphous region of 
the PVA matrix and suppressed the molecular motion. 
Figure 7 (c) shows the thermogravimetric (TG) traces of the PVA film and the 
PVA/ND nanocomposites. The onset temperature of the thermal degradation (Td) of the 
PVA/ND nanocomposite with 5 % w/w ND loading was about 13 ºC higher than that of 
the PVA film. This indicates that the nanodispersed ND in the nanocomposites acted as 
barrier to hinder the volatile decomposition products throughout the nanocomposites.37 
Thus, the thermal stability was revealed to be significantly improved by the 
incorporation of ND.  
Since diamond possesses the highest thermal conductivity, as well as the highest 
bulk modulus, the increase in the thermal conductivity was expected for the ND 
reinforced nanocomposites. Many theoretical and empirical models of thermal 
conductivity have been developed to describe the mixing rules of two-phase 
composite systems. The common models to predict thermal conductivity are 
Maxwell’s equation (1.4) and Bruggeman’s equation (1.5): 
 
 
f m f m f
c m
f m f m f
2 2
2
V
V
        
                                                  (1.4) 
Chapter 1 
30 
 
1/3
f c m
f
f m c
1 V     
                                                                (1.5) 
where λc, λm and λf are the effective thermal conductivity of the composites, matrix and 
filler particles, respectively, and Vf is the volume fraction of the filler.38 Assuming λm 
=0.135 W/m·K and λf =2000 W/m·K,39 the λc value for the PVA/ND nanocomposite 
with 1 % w/w ND loading gave 0.14 W/m·K using both equations (1.4) and (1.5).  
The experimental thermal conductivity and the theoretical thermal conductivity 
calculated by the Maxwell’s equation (1.4) as a function of ND content is shown in 
Figure 7 (d). The thermal conductivity of the nanocomposite with 1 % w/w ND loading 
reached 0.17 W/m·K, which was 25 % higher than that of the PVA film and 20 % higher 
than the calculated values. In general, thermal conductivity has been explained by 
the effective medium theory for polymer/nanoparticle composites.10,40 Due to 
particle/matrix interfacial thermal resistance, the thermal conductivity of polymer 
nanocomposites with small spherical particles was predicted to be decreased. In 
contrast, the increase in thermal conductivity have been shown for the nanocomposites 
with the filler of high aspect ratio due to the percolation produced in the system.41 For 
 
Table 2 Thermal properties of PVA film and PVA/ND nanocomposites. 
 
 
Tg Tm Td α (40–50 °C) α (80–90 °C)
°C °C °C 10-5 K-1 10-4 K-1 
PVA 62 225 263 8.8 6.9 
PVA/ND 0.1 %w/w 69 225 269 8.1 6.5 
PVA/ND 0.5 %w/w 73 226 273 6.6 5.4 
PVA/ND 1 %w/w 80 226 275 6.3 5.1 
PVA/ND 5 %w/w 79 226 277 5.7 4.4 
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Figure 8. (a) Optical images and (b) UV-vis spectra of PVA film and PVA/ND nanocomposites. 
The film thickness was 100 µm. 
 
the PVA/ND nanocomposite system, however, the thermal conductivity increased in 
spite of the low aspect ratio of ND. As mentioned above, the ND was well dispersed as 
clusters in the PVA matrix rather than dispersed as the individual particles. This 
suggests that these ND clusters served as somehow thermally conducting channels that 
contribute to the increased overall thermal conductivity of the nanocomposites.42 
1.3.4. Transparency 
Figure 8 (a) shows the optical images of the PVA film and the PVA/ND 
nanocomposites. It is clear that the nanocomposites achieved high optical transparency 
close to that of the PVA film up to 1 % w/w loading of ND. Figure 8 (b) shows the 
ultraviolet-visible (UV-vis) spectra of the PVA film and the PVA/ND nanocomposites. 
Judging from spectrum, the PVA film exhibited more than 90 % transparency across the 
visible light region. This high optical transparency of PVA has often been applied to a 
polarizer film in electric devices. In general, when nanocarbon materials were 
incorporated in PVA, it has often resulted in the serious blackening of the 
b
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nanocomposites. Namely, the transparency was drastically decreased even with a small 
amount of nanocarbon materials, such as carbon nanotube.43 On the other hand, the 
transparency of the PVA/ND nanocomposites in the visible light region was remained to 
be high even when ND was incorporated. The nanocomposites with 1 % w/w ND 
loading showed the transparency of more than 80 % in the visible light region. 
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1.4. Conclusions 
Nanodispersion of the ND particles in the PVA matrix was achieved by using a 
simple casting method from aqueous medium. The mechanical properties of the 
PVA/ND nanocomposites were remarkably increased by the incorporation of ND, and 
exploited the ideal reinforcement effect of ND. For example, the experimental E values 
of the nanocomposites were comparable to the theoretical values up to 1 % w/w ND 
loading. The significant increase in the thermal properties was also revealed. In 
addition, the thermal conductivity of the PVA/ND nanocomposite was remarkably 
increased even with a low amount of ND. Furthermore, not only achieving the high 
performances derived from ND, the nanocomposites showed high optical transparency 
derived from PVA. 
Therefore, we believed that ND will be able to compete as nanofiller against 
conventional nanocarbon fillers for polymer composites, being the promising material 
for various applications.  
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2.1. Introduction 
Nanodiamond (ND) is a member of the nanocarbon family including fullerene, 
carbon nanotube, carbon onion, carbon horn, and so on.1 It was first discovered in 19632 
in Russia, and they started the mass production in the beginning of 1990s. However, at 
this point, the isolation of individual ND was not achieved, therefore, ND was produced 
as clusters. The isolation method was developed in 20023 and the research on ND 
spread in the world. Recently, ND has often been produced by the synthesis based on 
the detonation of carbon-containing explosives followed by the purification. The size of 
ND is less than 10 nm and ND can be readily dispersed at nanoscale in water due to the 
oxygen containing functional groups on the surface.4,5  
Previously, several studies have been made for the epoxy/ND nanocomposites. 
Gogotsi et. al.6 first reported the development of epoxy/ND nanocomposites without the 
modification of ND. Because of the poor interaction at the interface, ND formed 
agglomerates in epoxy resin. Therefore, the mechanical properties of the 
nanocomposites with low content of ND showed smaller increase than expected. On the 
other hand, it was revealed that the nanocomposites with high ND content (>12 % v/v) 
showed remarkable increase in the mechanical properties due to the contiguous 
agglomerates, which formed the percolation in the overall material. Subsequently, they 
produced the covalently bonded epoxy/ND nanocomposites. They prepared the 
aminated ND (ND-NH2) by linking ethylenediamine to the surface of ND, therefore, 
covalent bonds were formed between amino groups on ND and epoxy groups of the 
resin.7 For the nanocomposites with the ND content of 7 % w/w, compared with the 
nanocomposites with unmodified ND, it was revealed that the Young’s modulus and the 
hardness of the nanocomposites with ND-NH2 increased 1.5 times and 3 times, 
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respectively. The glass transition temperature was found to be increased 57 °C by the 
incorporation of 29 % w/w of ND-NH2, while the nanocomposites with 21 % w/w of 
unmodified ND showed 5 °C increase. These results indicated the dispersibility of the 
filler and the interactions at the interface had a large effect on the properties of the 
nanocomposites. 
In the previous study, we reported the development of poly (vinyl alcohol) 
(PVA)/ND nanocomposites and revealed the remarkable increase in the mechanical 
properties and the thermal properties, preserving the high optical transparency of PVA.4 
In this case, ND was used without any modifications. The key to obtain the high 
dispersion of ND was revealed to be the presence of water in the process of mixing PVA 
and ND in. Due to the rich oxygen containing functional groups on the surface, ND was 
found to be readily dispersed in the PVA aqueous solution. Therefore, the 
nanodispersion of ND in PVA matrix was achieved, resulting in the excellent 
performances of the nanocomposites. 
Poly (methyl methacrylate) (PMMA) is a typical transparent amorphous polymer 
and has several desirable properties such as exceptional optical clarity, high wear 
resistance, high strength and excellent dimensional stability. PMMA has been widely 
applied in various fields such as aerospace, construction and optical instruments.8,9 
Regarding the nanocarbon materials reinforced PMMA nanocomposites, there are 
several reports on PMMA/carbon nanotube (CNT) nanocomposites. Due to the low 
dispersibility of CNT in PMMA, in most cases, modified CNT have been used in order 
to provide high dispersibility of the filler in the nanocomposites.10–12 
In this study, we selected PMMA as a matrix for the ND reinforced polymer 
nanocomposites. Unlike the conventional polymer/nanocarbon material nanocomposites, 
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the PMMA/ND nanocomposites were prepared without any modification of ND. The 
composition was processed through aqueous medium of PMMA emulsion and ND 
suspension, as we previously reported for the PMMA/graphene oxide nanocomposites. 
13 The structure and the properties of the nanocomposites were investigated. 
Chapter 2 
41 
 
2.2. Experimental 
2.2.1. Materials  
Prior to the polymerization, methyl methacrylate monomer (MMA, Sigma Aldrich) 
was distilled at reduced pressure under nitrogen atmosphere in order to remove 
impurities, such as polymerization inhibitors. Potassium peroxydisulfate (KPS, Sigma 
Aldrich), the initiator, was recrystallized and dried in vacuum. Hydrochloric acid (HCl, 
Sigma Aldrich) was used as supplied.  
ND aqueous suspension (2.75 % w/w) was supplied from Bando Chem. Ind. ND 
powder was produced from molecules of explosives, such as TNT (2-methyl-1,3,5-
trinitrobenzene) and RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine), using detonation 
under an inert atmosphere. The detonation soot was purified by liquid oxidants, 
followed by annealing and rinsing. After removing the impurities, ND powder was 
nanodispersed in water and individualized by wet milling process in bead mill. 
2.2.2. Sample preparation 
PMMA. PMMA was polymerized by soap-free emulsion polymerization. The 
details are given in our previous study.13 The diameter of the PMMA particles was 450 
± 20 nm (Figure 1) and the average molecular weight was 440,000. 
 
 
Figure 1 SEM image of PMMA particles. 
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PMMA/ND nanocomposites. ND aqueous suspension was added to the PMMA 
emulsion and stirred for 1 day. 1 % w/w HCl aqueous solution was added drop wise to 
the mixture while stirring. Subsequently, co-aggregated precipitant of PMMA/ND was 
rinsed with distilled water and dried in the oven at 50 °C and then in vacuum at 40 °C. 
PMMA/ND powder was melt-pressed at 180 °C for 15 min under 6 MPa.  
2.2.3. Characterization 
PMMA particles were observed with a scanning electron microscope (SEM) 
(TSM-5610LVS, JEOL) at an accelerating voltage of 10 kV. Pt/Pd was deposited on the 
sample surface prior to observation. The average molecular weight of PMMA was 
analyzed by gel permeation chromatography (HITACHI L-7000 Series, Hitachi Ltd.) as 
solutions in chloroform of 0.5 % w/w and detected with refractive index spectrometer 
(HITACHI L-7490, Hitachi Ltd.). The TSK gel GMHHR-M column (Tosoh Corp.) was 
used with the flow rate of 1 ml/min at 30 °C. The molecular weight was calibrated with 
polystyrene standard. 
X-ray diffractometer (RINT2100, Rigaku) was operated at 40 kV/20 mA using Ni-
filtered CuKα radiation. The 2θ/θ scan data were collected at 0.02 degree intervals with 
a scanning speed of 1.0 degree/min.  
The tensile test was measured using an Autograph AGS-1kND (Shimadzu). The 
initial length of 20 mm specimens were tested with a cross head speed of 2 mm/min. 
The toughness (K) was calculated as follows: 
max
0
d /K
 
      (J/g)                    (2.1) 
where σ is the stress (Pa), ε is the strain, and ρ is the density (g/m3). For statistics, these 
experiments were performed for at least 10 different specimens; then, averaged values 
and their standard deviations were calculated. Dynamic mechanical analyses (DMA) 
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were carried out using a dynamic mechanical analyzer (DVA-220S, ITK). A heating rate 
of 6 °C/min and a frequency of 10 Hz were set under nitrogen flow. 
Thermogravimeter (TG) (TG/DTA-220CU, Seiko Instruments) was used at a 
heating rate of 10 °C/min under nitrogen flow. The temperature of 5 % thermal weight 
loss was defined as thermal decomposition temperature (Td). Thermal conductivity (λ) 
was measured with a temperature wave analyzer (ai-Phase Mobile 1u, ai-phase Co., 
Ltd.). Thermal diffusivity was measured at three different points for each sample, and 
the average value was taken as experimental value.  
The ultraviolet-visible (UV-vis) spectra were observed at room temperature using a 
UV-vis spectrophotometer (Hitachi Ltd., U-2000) at a wavelength scan rate of 400 
nm/min. 
 
  
Chapter 2 
44 
 
2.3. Results and Discussion 
2.3.1. Characterization 
Figure 2 (a) shows X-ray diffraction profiles of the PMMA, PMMA/ND 
nanocomposites and ND. The diffraction peaks appeared at 2θ = 43.9 º and 75.3 º were 
assigned to the characteristic diamond diffraction patterns of 111 and 220 reflections, 
respectively.14 The presence of these peaks indicated that ND possesses three-
dimensional diamond structure even with the size below 10 nm. On the other hand, 
PMMA showed the diffuse scattering which is typical of amorphous polymer. The 111 
reflection of diamond slightly appeared on the profile of the PMMA/ND nanocomposite 
with 1 % w/w. This suggests that ND was successfully incorporated in the 
nanocomposite structure.  
 
 
   
Figure 2 (a) X-ray diffraction profiles of PMMA, PMMA/ND nanocomposites and ND; (b) SEM 
image of cross section of PMMA/ND nanocomposites with 5 % w/w ND loading. 
 
a 
b
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Figure 2 (b) shows SEM image of the cross section of the PMMA/ND 
nanocomposite with 5 % w/w ND. It was found that ND was homogeneously dispersed 
as clusters with the size up to 100 nm in the nanocomposites. Ayatollahi et al.15 prepared 
the low content ND/epoxy nanocomposites and investigated the tribological and 
mechanical properties. It was found that ND formed agglomerates even in the 
nanocomposites with 0.1 % w/w of ND loading. They reported that ND agglomerated 
and formed the clusters with the size of more than 500 nm in the nanocomposites with 
the ND content of 0.5 % w/w. Due to the low dispersibility of ND in epoxy, it was 
revealed that the mechanical properties of the nanocomposites decreased. Since ND 
showed the high dispersibility in the PMMA/ND nanocomposites, increase in the 
mechanical properties were expected. 
2.3.2. Mechanical properties 
Figure 3 (a) shows the stress-strain curves of the PMMA film and the PMMA/ND 
nanocomposites. It was obvious that the Young’s modulus (E) and the tensile strength 
(σmax) were dramatically increased by the incorporation of ND. Figure 3 (b) shows the E, 
σmax, elongation at break (εmax) and the toughness (K) of the nanocomposites as a 
function of ND content. The increase in the E and the σmax values were 82 % and 75 %, 
respectively, with only 1 % w/w of ND. These increases in the E and the σmax values can 
be explained by the reinforcing effect of ND, which was effectively imparted in the 
nanocomposites.16,17 In general, polymer nanocomposites reinforced by rigid filler tend 
to be brittle and their K values tend to be low. On the other hand, the εmax value of the 
PMMA/ND nanocomposites was almost the same as that of the PMMA film. Therefore, 
the K value, corresponding to the area of the stress-strain curve, remarkably increased. 
For example, the K value of the PMMA/ND nanocomposite with 1 % w/w was 47 % 
Chapter 2 
46 
 
 
Figure 3 (a) Stress-strain curves of PMMA film and PMMA/ND nanocomposites; (b) Mechanical 
properties of PMMA/ND nanocomposites as a function of ND content. 
 
Table 1 Young’s modulus (E), tensile strength (σmax), strain at break (εmax) and toughness (K) of 
PMMA film and PMMA/ND nanocomposites. 
 
E σmax εmax K 
GPa MPa % J/g 
PMMA 2.2 ± 0.1 64 ± 2.8 5.2 ± 0.4 1.7 
PMMA/ND 0.1 % w/w 2.5 ± 0.3 82 ± 6.6 5.1 ± 0.8 2.0 
PMMA/ND 0.5 % w/w 3.3 ± 0.4 97 ± 4.9 5.1 ± 0.9 2.4 
PMMA/ND 1 % w/w 4.0 ± 0.3 112 ± 3.5 4.7 ± 0.3 2.5 
 
a b
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higher than that of the PMMA film. It was suggested that ND had the crack pinning 
effect in the nanocomposites as it previously reported for the PMMA/graphene oxide 
nanocomposites.13 
The increase in the mechanical properties was also observed for the PMMA 
nanocomposites reinforced by carboxylated multiwalled nanotubes (f-MWNT). 
Velasco-Santos et. al.18 prepared the PMMA/f-MWNT nanocomposites by in-situ 
polymerization. They showed that good interaction was provided due to the oxidation of 
f-MWNT. Therefore, by the incorporation of f-MWNT 1 % w/w, the σmax and K values 
were increased 41 % and 39%, respectively. On the other hand, Varela-Rizo et. al.19 
used the carboxylated CNF (O-CNF) and amino-functionalized CNF (N-CNF) for the 
PMMA nanocomposites. In the report, it was revealed that the σmax value increased 
15 % with 1 % w/w of pristine CNF. For the nanocomposites with functionalized CNF, 
the O-CNF increased the σmax value by 24 % while it was decreased by the 
incorporation of N-CNF. In the structural studies, the agglomerations of N-CNF were 
observed for the PMMA/N-CNF nanocomposites, which caused the decrease in the σmax 
value. These results showed that the interaction at the interface as well as the 
dispersibility of the filler in the nanocomposites had a large effect on the mechanical 
properties of the nanocomposites. Since the PMMA/ND nanocomposites also showed 
the remarkable increase in the mechanical properties, it was found that the favorable 
interaction and the nanodispersion were achieved without any modification of ND. 
Figure 4 (a) and (b) show the temperature dependence of the storage modulus (E´) 
and the mechanical tanδ of the PMMA film and the PMMA/ND nanocomposites, 
respectively. The E´ value of the nanocomposites was higher than that of PMMA in 
overall temperature (−150 ˚C to 200 ˚C). Since the intensity of the main dispersion in 
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Figure 4 Temperature dependence of (a) storage modulus (E´) and (b) mechanical tanδ of 
PMMA film and PMMA/ND nanocomposites.  
 
tanδ, so-called αa, decreased with increasing of ND content, the molecular motion of 
PMMA was found to be effectively suppressed by the presence of ND.20–22 Therefore, it 
was revealed that the incorporation of ND was effective for the reinforcement not only 
in room temperature but also in the entire range of temperature. In addition, the 
suppression of the PMMA molecular motion brought by ND was also appeared as the 
increase in the glass transition temperature (Tg). In Figure 4 (b), the temperature at αa, 
corresponding to the Tg, was found to be shifted to the higher temperature by the 
incorporation of ND. The details are discussed below in the thermal property section. 
2.3.3. Thermal properties 
As well as the mechanical properties, the Tg of the nanocomposites is also 
attributed to the interaction at the interface between the matrix and the filler. Previously, 
the increase in Tg of 39.3 ˚C with 1 % w/w of f-MWNT content was reported by 
Velasco-Santos et. al.23 Similarly, Ramanathan et al.24 showed that the Tg was increased 
a b
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Figure 5 (a) Glass transition temperature of PMMA/ND nanocomposites as a function of ND 
content; (b) Thermogravimetric traces of PMMA film and PMMA/ND nanocomposites. 
 
39.3 ˚C by the incorporation of 1 % w/w amide-functionalized SWNTs, while the Tg 
didn’t change by the incorporation of unmodified MWNT. Figure 5 (a) shows the Tg of 
PMMA/ND nanocomposites as a function of ND content. The nanocomposites showed 
remarkable increase in Tg by the incorporation of ND. The Tg of the nanocomposite with 
0.1 % w/w and 1 % w/w ND loading were 10 ˚C and 30 ˚C higher than that of PMMA, 
respectively. These results showed the strong interaction between PMMA and ND, and 
the significant reinforcement effect of ND. 
Figure 5 (b) shows the TG traces of the PMMA film and the PMMA/ND 
nanocomposites. The thermal degradation temperature (Td) was slightly increased by the 
incorporation of ND. Previously, we showed the remarkable increase in Td by the 
incorporation of graphene oxide (GO).13 It was revealed that the Td of the 
nanocomposite with 1 % w/w GO was 28 ºC higher than that of the PMMA film. 
This suggests that GO, which has the high aspect ratio, acted as a barrier to hinder the 
a b
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Figure 6 Thermal conductivity of PMMA/ND nanocomposites as a function of ND content. 
 
volatile decomposition products throughout the nanocomposites effectively. On the 
other hand, ND is the spherical particle with low aspect ratio, thus the barrier effect of 
ND was predicted to be smaller than that of GO. However, as described above, ND 
restricted the molecular motion of PMMA. As a result, the degradation of the 
nanocomposites was prevented, and the Td was increased by the incorporation of ND. 
The thermal conductivity (λ) was also measured for the nanocomposites as shown 
in Figure 6. Since diamond has the highest λ value among natural materials, the increase 
in λ value can be expected for the ND/polymer nanocomposites. The λ value of the 
nanocomposites with 1 % w/w ND was found to be 31 % higher than that of the PMMA 
film. It was suggested that the nanodispersed ND assisted the phonon conduction 
effectively, resulting in the significant increase in the thermal conductivity of the 
PMMA/ND nanocomposites.  
It is well known that the λ value of the nanocomposites largely increased when the 
conductive filler formed the percolation.25 The nanocomposites consists of single walled 
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carbon nanotube (SWNT) and low density polyethylene (LDPE) showed the remarkable 
increase in the λ value at the filler content of 20 % v/v, indicating the percolation of 
SWNT network where SWNTs thoroughly contact each other in the nanocomposite.26 
The λ value was found to increase from 0.26 W/m·K of neat LDPE to 1.8 W/m·K for 
the nanocomposite. Due to the spherical structure of ND, the thermal percolation was 
not likely to happen in the nanocomposites with such a small amount of ND below 1 % 
w/w. Therefore, there is still a huge potential in λ value to show the excellent increase 
by the further addition of ND to form the percolation in the nanocomposites. 
2.3.4. Optical transparency 
The UV-vis spectra and the optical image of the PMMA/ND nanocomposites are 
shown in Figure 7 (a) and (b). In general, for the nanocomposites reinforced by 
nanocarbon materials, such as carbon nanotube, the blackening of the material derived 
from the filler has been one of the critical issues. Even for the nanocomposites with a 
small amount of the filler, the optical transparency of the materials tends to be low.27 It 
is mainly due to the poor dispersibility of the filler in the polymer matrices, such as the 
strong van der Waals forces between the nanocarbon materials themselves. On the other 
 
Table 2 Thermal properties of PMMA film and PMMA/ND nanocomposites. 
 
Td Tg λ 
°C °C W/m·K 
PMMA 287 115 0.16 
PMMA/ND 0.1 % w/w 288 125 0.17 
PMMA/ND 0.5 % w/w 289 136 0.19 
PMMA/ND 1 % w/w 293 145 0.21 
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Figure 7 (a) UV-vis spectra and (b) optical image of PMMA film and PMMA/ND nanocomposites. 
 
hand, as shown in Figure 7 (a) and (b), the PMMA/ND nanocomposites showed high 
optical transparency in the visible light region. This suggests that, unlike conventional 
nanocarbon materials, ND was highly dispersed in the polymer matrix. At the same time, 
the strong interaction between ND and PMMA resulted in the dense structure of the 
nanocomposites, achieving the reduction of the light scattering.  
 
  
a 
b
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2.4. Conclusion 
The PMMA/ND nanocomposites were prepared by using water as a processing 
medium. ND was highly dispersed as clusters with the size of up to 100 nm. The 
mechanical properties of the nanocomposites were revealed to be increased remarkably 
by the incorporation of ND. It was revealed that not only the Young’s modulus and the 
tensile strength, but also the toughness were significantly increased. The molecular 
motion of PMMA was found to be effectively suppressed by the presence of ND, 
achieving the excellent reinforcement. In addition, the PMMA/ND nanocomposites 
were found to show excellent thermal resistance. Furthermore, the PMMA/ND 
nanocomposites showed high optical transparency, preserving the optical advantage of 
PMMA matrix. 
In conclusion, we developed the novel preparation method for the ND reinforced 
polymer nanocomposites, where the polymer matrix was insoluble. This method enables 
to exploit the excellent properties of ND, as well as polymer matrix, by achieving the 
nanodispersion of ND. It was believed that the potential of the ND reinforced polymer 
nanocomposites will play an important role in nanotechnology. 
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3.1. Introduction 
Diamond is well known not only as a fancy jewelry but also as a material with 
excellent properties. For example, diamond possesses the highest Young’s modulus (1 
TPa), hardness (10 in Mohs scale) and thermal conductivity (2200 W/mK)1 among 
known natural materials, in addition, high refractive index, chemical inertness and 
electrically insulating properties. However, due to the poor processability of diamond 
caused by the extremely high hardness and brittleness, the application of diamond has 
been limited. 
In the last few decades, nanodiamond (ND), which is synthesized by detonation 
method, has become available and has attracted a great deal of attention as a promising 
material in various fields. The size of the individual ND is below 10 nm (Figure 1), and 
it consists of core-shell structure; the core of primary diamond particle and the shell of 
graphitic layer with oxygen containing groups.2 Due to the diamond core, ND shows the 
superior properties derive from diamond and has a potential to provide these properties 
at nanoscale. The functional groups in the shell enable ND to be nanodispersed in water, 
and can be the initiation site for various modifications.3 Therefore, ND is a prospective 
material for a wide variety of applications in nanotechnology.4,5 
In our previous study,6 we prepared ND reinforced polymer nanocomposites using 
water as a processing medium. Poly (vinyl alcohol) (PVA), which is well known as a 
water-soluble polymer, was selected as a matrix. We revealed that the excellent 
properties of ND were successfully exploited in the properties of the nanocomposites 
due to the nanodispersion of ND in the matrix and the strong interaction between PVA 
and ND. For example, the Young’s modulus of the nanocomposites with only 1 % w/w 
of ND was 2.5 times higher than that of PVA film. 
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Figure 1 TEM image of ND from the diluted suspension. 
 
Here we developed a new ND reinforced polymer nanocomposites based on 
nanofibrillated cellulose (NFC). Cellulose is well known as the most abundant 
renewable polymer on earth and, nowadays, it has been widely studied and used in 
industry due to the increasing demand for environmentally friendly and biocompatible 
products.7–9 NFC is composed of cellulose fibrils which are built up of cellulose chains. 
From the X-ray diffraction study, it was revealed that crystalline region of cellulose I 
had the elastic modulus of 138 GPa.10,11 This value was much higher than aluminum (70 
GPa) and glass fibers (76 GPa). The strength of NFC was estimated as a few GPa12 and, 
recently, it was revealed to be comparable with those of multiwalled carbon 
nanotubes.13 In addition to the high mechanical properties, NFC possesses the high 
dimensional stability (>glass) and the light weight. Due to these unique properties, NFC 
has been often applied as reinforcing filler for polymer composites.14–23 For example, 
PVA,16,17,21 epoxy resin,17 polylactic acid18 and polyurethane19 have been used as 
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polymer matrices. 
Henriksson et al.24 developed a novel cellulose material, that was, cellulose 
nanopaper consisting of only NFC from wood pulp. The nanopaper was prepared by 
filtration process from the water suspension. It was revealed that, in spite of the high 
porosity (28 %), the nanopaper showed the high Young’s modulus (13.2 GPa), tensile 
strength (214 MPa) and toughness (15 MJ/m3). Afterward, the high optical 
transparency,25 oxygen barrier property26 and the low coefficient of thermal 
expansion27,28 of the cellulose nanopaper have been reported. 
The functionality of the cellulose nanopaper can be further broadened by the 
incorporation of inorganic materials. Liu et al. 29 prepared the nacre-mimicking hybrids 
of NFC with high content of clay. The nanocomposite showed the self-extinguishing 
properties against open flames and delayed the thermal degradation of cellulose. 
Furthermore, it was revealed that the highly ordered clay platelets enhanced the barrier 
properties remarkably at high relative humidity. The unique anti-bacterial property has 
been generated by the incorporation of silver nanoclusters30 and ZnO nanoparticles,31 
and the remarkable improvement in mechanical properties was achieved for 
NFC/graphene nanocomposites.32 
In this study, a new concept of ND nanocomposite based on NFC decorated with 
ND was developed. We prepared quaternized NFC (Q-NFC), which had cationic charge, 
in order to provide ionic interaction between NFC and ND. Prior to the preparation of 
the nanocomposites, Q-NFC was successfully decorated with ND by a simple mixing in 
the aqueous suspension due to the favorable interactions such as ionic interaction and 
hydrogen bonding. The Q-NFC/ND nanocomposites were prepared by filtration which 
has been reported as a preparation method for the high-quality cellulose nanopaper by 
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Sehaqui et al.33 The decoration of Q-NFC was characterized in detail and the structure 
and the mechanical properties of the Q-NFC/ND nanocomposites were investigated. 
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3.2. Experimental 
3.2.1. Materials 
Q-NFC. Q-NFC was prepared from wood pulp through the reaction with glycidyl 
trimethylammonium chloride (GTAC, Sigma-Aldrich, USA), according to the method 
reported by Pei et al.34 The never-dried softwood sulphite pulp (Nordic Paper, Sweden) 
was first pre-treated with mechanical beating in a laboratory PFI-mill (HAM-JERN, 
Norway), and mixed with an aqueous solution of sodium hydroxide (Sigma-Aldrich, 
USA). The quaternization reaction was carried out at 65 °C for 8 h with stirring after 
adding GTAC to the suspension. After the reaction, the mixture was neutralized with 
hydrochloric acid (37 %, Sigma-Aldrich, USA) and washed with deionized water. The 
aqueous suspension of the chemically treated pulp (0.5 % w/v) was stirred for 24 h at 
600 rpm, and then, passed through the microfluidizer (M-110EH, Microfluidics Ind., 
USA) equipped with 200 and 100 μm chamber at a pressure of 1600 bar at room 
temperature (21 °C). The aqueous suspension of Q-NFC was obtained with a solid 
content of 0.3–0.4 %. 
The contents of ammonium chloride groups of the Q-NFC were measured by 
conductometric titration method.35 Around 100 mg (dry weight) of Q-NFC suspended in 
Milli-Q water (0.1 % w/w) was titrated with 0.005 M silver nitrate (AgNO3, Sigma-
Aldrich, USA) solution by adding 200 µL. The conductivity was recorded with a 
conductivity meter (Mettler Toledo, USA) in 60 seconds intervals. The amount of 
trimethylammonium groups in Q-NFC can be calculated based on the volume of AgNO3 
used. The charge density of Q-NFC was found to be 0.56 mmol/g. 
Q-NFC/ND nanocomposites. The preparation of the Q-NFC/ND nanocomposites 
was described in Scheme 1. The Q-NFC suspension was added to the ND aqueous 
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Scheme 1 Preparation outline of Q-NFC/ND nanocomposite. 
 
suspension (Bando Chem. Ind.) to obtain the Q-NFC concentration of 0.2 % w/w. The 
ND content in the suspension was 0–5 % w/w against the amount of Q-NFC. The Q-
NFC/ND suspension was stirred for 48 h and filtered on a glass filter funnel (7.2 cm in 
diameter) using filter membrane (0.65 μm DVPP, Millipore, USA). To note, the Q-
NFC/ND suspension was stable and precipitation was not observed. After the filtration, 
the wet cake of the nanocomposite which contained 78–81 % of water was placed 
between the metal mesh sheets on the filter papers and then dried at 93 °C for 15 min 
under vacuum by using Rapid Köthen (RK3A-KWT, PTI, Austria). This resulted in the 
Q-NFC/ND nanocomposites with the thickness in the range of 50–60 μm. 
3.2.2. Characterization 
Dynamic light scattering (DLS) measurements were conducted using Zetasizer 
ZEN3600 particle size analyzer (Malvern Instruments Ltd., UK) to investigate the size 
of Q-NFC in the suspensions. The concentration of Q-NFC 0.01 % was evaluated at 
25 °C. Fifteen successive normalized intensity correlation curves were obtained for all 
samples. Nanoscope IIIa Atomic Force Microscopy (AFM) (Picoforce SPM, Veeco, 
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USA) was used to observe the Q-NFC decorated with ND. All measurements were 
performed in the tapping mode with a scan rate of 2 Hz/512 dots using standard 
noncontact silicon cantilevers (RTESP, Veeco, USA). The samples were prepared on a 
mica substrate by depositing the diluted Q-NFC/ND nanocomposite suspension. The 
decoration of Q-NFC was observed at 80 kV using transmission electron microscope 
(TEM) (Hitachi HT-7700, Hitachi, Japan). The diluted Q-NFC/ND nanocomposite 
suspension was deposited on a copper grid (ultra-thin carbon film/holey carbon, Ted 
Pella, USA), and then stained by the uranyl acetate negative stain.  
The cross sections of the nanocomposites were observed by Field-Emission 
Scanning Electron Microscope (FE-SEM) using Hitachi S-4800 (Hitachi, Japan) 
equipped with a cold field emission electron source. The samples were coated with 
graphite and platinum-palladium using Cressington 208 HR sputter coaters (Cressington 
Scientific Instruments Ltd., UK). Secondary electron detector was used for capturing 
images at 3 kV/5 μA. Ultraviolet-visible (UV-VIS) spectra of the nanocomposites were 
observed at room temperature using UV-Visible spectrophotometer (SHIMADZU UV-
2550, Shimadzu, Japan) at a wavelength scan rate of 400 nm/min. The composition of 
the nanocomposites was obtained by Thermogravimetric analysis (TGA) using Mellter-
Toledo thermogravimetric analyzer (TGA/SDTA851, Switzerland). The heating rate of 
10 °C/min was used under nitrogen flow. 
The tensile properties were tested by Instron 5944 mechanical testing system 
(Instron, USA) equipped with 500 N load cell. The specimens were conditioned at 
50 %RH and 23 °C. The gauge length was set at 20 mm and the cross-head speed was 2 
mm/min. A minimum of 6 specimens were tested for each sample. The loading-
unloading test was carried out with the same instrument. The loading-unloading cycle 
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was repeated with the step of 1 % strain. 
The scratch resistance of the nanocomposites was measured by Nano scratch tester 
(CSM Instrument, Switzerland). The test was performed with a sphero-concial diamond 
tip (diameter 2 μm) and the maximum load of 10 mN was applied. The scratch map over 
3 points on each sample were made and the width of the scratch marks were measured. 
The scratch hardness was calculated using the following equation (3.1);36 
2
4FH q
w                                        (3.1) 
where the F is normal load (N), w is residual width of the scratch mark and q is a 
function of the viscoelasticity of the material. q=2 correspond to the rigid plastic 
materials and 1 < q < 2 is for visco-elastic materials. 
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3.3. Results and Discussion 
3.3.1. Characterization of the Q-NFC decorated with ND 
Figure 2 shows the size of the Q-NFC and the Q-NFC/ND in the suspension 
obtained from the DLS measurement. It was revealed that the size increased with 
increasing of the ND content. This suggests that the Q-NFC was decorated with ND, 
and the size of the decorated Q-NFC appeared to be larger than that of neat Q-NFC in 
the suspension. At the same time, it was assumed that the aggregates of the decorated Q-
NFC were formed because of the rough surface arising from the decoration. In addition, 
the fluctuation in ionic state due to the addition of ND can also cause the aggregates. 
However, when the further amount of ND was added (>10 % w/w), the increase in size 
was not observed. It was suggested that, in addition to the decorated Q-NFC, there were 
excess amount of free ND which didn’t absorbed on Q-NFC in the suspension with high 
ND content. 
 
 
Figure 2 Size of Q-NFC obtained from DLS measurement. 
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Figure 3 AFM images of (a) Q-NFC and (b) Q-NFC/ND nanocomposite (10 % w/w) from the 
diluted suspension. Upper images show phase images and lower images show height images. 
 
AFM height image and phase image of the diluted Q-NFC and nanocomposite 
suspension are shown in Figure 3 (a) and (b), respectively. The upper images show the 
phase images and the lower images show the height images. The sample was prepared 
by drying the diluted suspension of the Q-NFC or the nanocomposite on the substrate, 
and the height and phase images were obtained from the same scan. The Q-NFC 
showed the fine structure of the individual fibers in both the height and phase images. 
The difference in the hardness between Q-NFC and ND appeared as a high contrast in 
a b
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Figure 4 TEM images with (a) high magnification and (b) low magnification of Q-NFC/ND 
nanocomposite (10 % w/w) from the diluted suspension. 
 
the phase image. ND appeared as light dots, while the color of Q-NFC was almost the 
same as that of background, which was hardly distinguished. The light dots of ND were 
observed along the Q-NFC, indicating that ND was absorbed on Q-NFC. The decoration 
of Q-NFC was further characterized by TEM.  
Figure 4 (a) shows the TEM image of the Q-NFC/ND nanocomposite from diluted 
suspension. This is the image of the part of the grid where the carbon film was peeled 
off and the Q-NFC formed some bundles in this area. In this figure, ND appeared not on 
the grid but only on the surface of Q-NFC, suggesting that Q-NFC was successfully 
decorated with ND. From the TEM image in Figure 4 (b), the distribution of ND was 
also observed. It was found that the Q-NFC was not decorated with individual ND, but 
it was decorated with the ND clusters whose the size was up to 50 nm. This result 
suggested that ND gathered around Q-NFC due to the ionic fluctuation when the 
aqueous suspensions were mixed together. In fact, however, in terms of the overall 
structure, it can be said that ND was well dispersed at nanoscale in the Q-NFC network. 
a b
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Figure 5 (a) Optical images, (b) UV-VIS spectra and (c) thermogravimetric traces of Q-NFC film 
and Q-NFC/ND nanocomposites. 
 
3.3.2. Morphology of the Q-NFC/ND nanocomposites 
Generally, the polymer nanocomposites with nanocarbon filler show poor optical 
transparency even with low content of the filler. It was reported that single-wall carbon 
nanotube (SWNT) drastically reduced the transparency of PVA by 36 % with the SWNT 
content of only 0.1 % w/w.37 The thin NFC/graphene nanocomposite (thickness < 10 
μm) also showed the serious blackening with only 1.25 % w/w.32 On the other hand, the 
Q-NFC/ND nanocomposites maintained the optical transparency of neat Q-NFC 
film even with 5 % w/w of ND as shown in Figure 5 (a) and (b). This indicates the low 
a 
b c
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Figure 6 FE-SEM images of the cross section of (a) Q-NFC film, (b) Q-NFC/ND 5 % w/w 
nanocomposite and (c) Q-NFC/ND 25 % w/w nanocomposite. 
 
Table 1 Composition and porosity of Q-NFC film and Q-NFC/ND nanocomposites. 
 
Q-NFC ND Porosity 
 % w/w  % w/w % 
Q-NFC 100 0 6.4 
Q-NFC/ND 0.5%w/w 99.7 0.3 4.4 
Q-NFC/ND 1%w/w 99.2 0.8 4.3 
Q-NFC/ND 2.5%w/w 97.7 2.3 2.2 
Q-NFC/ND 5%w/w 95.9 4.1 1.2 
a b
c 
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porosity of the nanocomposites and the homogeneous dispersion of ND, which is much 
smaller than the wavelength of visible light. 
Figure 5 (c) shows the thermogravimetric traces of the Q-NFC film and the Q-
NFC/ND nanocomposites. The experimental amount of Q-NFC and ND in the 
nanocomposites was calculated from the curves and was shown in Table 1. The 
experimental ND content was slightly lower than the initial content. On the other hand, 
the nanocomposites with high ND content showed large difference in these two values. 
This suggests that the free ND which didn’t absorbed on the Q-NFC in the aqueous 
suspension was removed during the filtration. 
Figure 6 (a), (b) and (c)  show the FE-SEM images of Q-NFC film, Q-NFC/ND 
nanocomposites with 5 % w/w ND loading and Q-NFC/ND nanocomposites with 25 % 
w/w ND loading, respectively. The Q-NFC film shows the layered structure which is 
typical structure for the nanopaper24 with a porosity of 6.4 %. On the other hand, the 
dense structure was observed for the nanocomposites. The porosity of the 
nanocomposite was found to be lower than that of Q-NFC film (1.2 %). This suggests 
that ND filled the Q-NFC network and the packed structure was produced for the 
nanocomposites. As shown in Figure 6 (c), the nanocomposites with high ND content 
showed large agglomeration. This can be caused by excess amount of ND. It was 
suggested that, in the nanocomposites with favorable amount of ND, the excess amount 
of free ND was removed appropriately by the filtration, avoiding the agglomeration. 
3.3.3. Tensile properties of the Q-NFC/ND nanocomposites 
Figure 7 shows the stress-strain curves of the Q-NFC film and the Q-NFC/ND 
nanocomposites. Due to the charge on the surface, the Young’s modulus and the tensile 
strength of the Q-NFC film were slightly lower than those of cellulose nanopaper which 
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Figure 7 Stress-strain curves of Q-NFC film and Q-NFC/ND nanocomposites. 
 
was prepared from enzymatic NFC.24,34 Though there was small increase in the 
mechanical properties by adding 0.5 %w/w of ND, the remarkable increase was 
observed when 1 % w/w of ND was added. The mechanical properties of the Q-NFC 
film and the Q-NFC/ND nanocomposites were summarized in Table 2. Compared with 
Q-NFC film, the nanocomposite with 5 % w/w ND loading showed the increase in the 
Young’s modulus, the tensile strength and the yield strength by 76 %, 33 % and 43 %, 
respectively. Furthermore, the nanocomposites were found to keep the elongation at 
break of the Q-NFC film, resulting in the increase in the toughness which corresponds 
to the area of the stress-strain curves. 
The increase in the mechanical properties has also reported for NFC/graphene 
nanocomposites by Malho et al.32 The maximum increase in the Young’s modulus, 
toughness and tensile strength of the nanocomposites were 50 %, 18 % and 22 %, 
respectively. They suggested that the interaction derived from amphiphilic nature of 
Chapter 3 
72 
 
NFC and hydrophobic graphene was stabilized by π-interaction. Unlike graphene which 
consists of sp2 bonded carbon sheet, ND has rich functional groups on the surface 
providing hydrogen bond between Q-NFC and ND. Therefore, it was suggested that 
these strong interactions in the Q-NFC/ND nanocomposites stabilized the network and 
increased the mechanical properties. In addition, the effective friction can be generated 
among the network due to the absorbed ND on Q-NFC surface, consequently, the 
slippage in the network was prevented. At the same time, the energy in the material was 
effectively diffused. It was found that these excellent reinforcement effects were 
achieved for the nanocomposites with more than 1 % w/w of ND. However, the 
mechanical properties of the nanocomposites with high ND content, where ND formed 
the large agglomerates, again decreased. 
In order to examine the interaction in the nanocomposites, the repeated loading-
unloading experiments were performed. Figure 8 (a) shows the stress-strain curve of Q-
NFC/ND nanocomposite (1 % w/w) from loading-unloading experiment. The modulus 
 
Table 2 Mechanical properties of Q-NFC film and Q-NFC/ND nanocomposites. 
Sample 
Young’s 
modulus 
Tensile 
strength 
Yield 
strength 
Elongation at 
break Toughness 
 GPa  MPa  MPa  %  MJ/m
3
 
Q-NFC 9.8 ± 0.9 210 ± 27 103 8.0 ± 0.7 8.2 
Q-NFC/ND 
0.5%w/w 10.0 ± 0.4 211 ± 17 110 8.0 ± 0.5 8.4 
Q-NFC/ND 
1%w/w 13.6 ± 0.8 250 ± 10 142 6.6 ± 1.3 8.1 
Q-NFC/ND 
2.5%w/w 15.6 ± 0.8 265 ± 27 147 7.3 ± 0.8 9.7 
Q-NFC/ND 
5%w/w 16.6 ± 1.5 278 ± 29 147 6.8 ± 0.7 9.2 
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Figure 8 (a) Stress-strain curves of Q-NFC/ND nanocomposites (1 % w/w) from loading-
unloading experiment; (b) Young’s modulus as a function of number of loading steps for Q-NFC 
film and Q-NFC/ND nanocomposite (1 % w/w) specimen tested by loading-unloading. The 
modulus determined during loading and initial unloading was presented as square plots and 
triangle plots, respectively. 
 
determined during loading and initial unloading in the stress-strain curves for the Q-NFC 
film and Q-NFC/ND nanocomposite (1 % w/w) was shown in Figure 8 (b). Though the 
Q-NFC network has the force of charge-charge repulsion,34 the modulus of the Q-NFC 
film also increased with increasing of loading steps as well as that of the NFC 
nanopaper from enzymatic NFC.24 For the nanocomposite, in addition to the increase in 
yield strength with increasing of loading steps, the modulus showed more effective 
increase than that of Q-NFC film. Henriksson et al.24 suggested that the increase in 
yield strength and modulus indicates the reorganization of the network and the 
reorientation of the cellulose crystallites in the drawn direction.38 Namely, upon 
unloading, strong bonds were reconstructed and stable network with higher orientation 
was reorganized in the Q- NFC/ND nanocomposites due to the robust interactions. 
a b
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Figure 9 Theoretical hardness obtained by equation (3.2) and (3.3) and experimental scratch 
hardness of Q-NFC/ND nanocomposites as a function of ND content. 
 
3.3.4. Scratch hardness of the Q-NFC/ND nanocomposites 
The scratch resistance of the material was calculated as scratch hardness using the 
width of the scratch mark. The narrower the width of the scratch mark, the higher the 
hardness as well as the scratch resistance of the material.39 The increase in the scratch 
hardness has been reported for several polymer composites reinforced by inorganic 
fillers.40,41 In the polymer composites, not only the hardness of the filler but also the 
increase in crystallinity of the polymer matrix caused by nucleating effect of the filler 
has a large effect on hardening of the materials.42 Neizel et al.43 showed the significant 
improvement in the scratch resistance for the epoxy/ND nanocomposites of high ND 
content where ND formed the interconnected network. The average penetration depth 
was found to decrease by 1.5 μm with 25 % w/w loading of ND. 
The hardness of the material can be predicted by the Young’s modulus and the 
yield strength resulting from the tensile test. The following equations (3.2) and (3.3) 
were used:44,45 
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   y 2
y
2 tan1
3 3(1 )
EH ln   
          
                                      (3.2) 
 y
y
2 cos1
3 3
EH ln  
          
                                            (3.3) 
where H is hardness, σy is yield strength, E is Young’s modulus and ν is Poisson’s ratio. 
β and θ correspond to the indenter angles.  
Figure 9 shows the hardness obtained by the theoretical calculations above and the 
experimental scratch hardness of the Q-NFC/ND nanocomposites as a function of the 
ND content. The experimental results and the theoretical results had a good agreement 
up to 1 % w/w ND loading, implying the effective hardening effect generated by the 
homogeneous structure of the nanocomposites, as well as the homogeneous dispersion 
of ND. During the scratch test, the decrease in the average width of the scratch mark 
was clearly observed for the nanocomposites. For example, the average width was 
drastically reduced by 1 μm with only 1 % w/w ND content, resulting in increase in the 
scratch hardness by 26 % (Table 2). On the other hand, the experimental hardness 
largely exceeded the theoretical hardness for the nanocomposite with 5 % w/w ND 
loading. This indicates that the structure of the nanocomposite under the indenter was 
not completely homogeneous due to the agglomeration of ND.46 Besides, the Young’s 
modulus as well as the tensile strength in the equations (3.2) and (3.3) were also 
affected by the dispersibility of ND which cause the saturation in the theoretical results 
of the high content nanocomposites.  
We also measured the scratch hardness of the Q-NFC/ND nanocomposites where 
ND was further added (>10 % w/w). It was revealed that the hardness was constantly 
increased with increasing of ND content while the Young’s modulus and the yield 
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strength decreased for the high content nanocomposites. This can also be attributed to 
the heterogeneity of the ND dispersion in the nanocomposites. 
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3.4. Conclusions 
The Q-NFC was found to be successfully decorated with ND by simple mixing 
process in the presence of water. It was revealed that Q-NFC was decorated by ND 
clusters with the size up to 50 nm. In order to achieve the individual ND dispersion, 
further discussion on the sample preparation is required. 
In the nanocomposite structure, the appropriate amount of ND filled the pores in 
the Q-NFC network, achieving the packed structure with high density. The Q-NFC/ND 
nanocomposites showed high optical transparency due to the homogeneous dispersion 
of ND and the low porosity. 
The mechanical properties of the nanocomposites were remarkably increased by 
the incorporation of ND. For example, by adding 5 % w/w of ND, the Young’s modulus, 
tensile strength and yield strength increased by 76 %, 33 % and 43 %, respectively. This 
suggests that the effective friction, which prevented the sliding in the nanofibril 
network, was produced by ND absorbed on the surface of Q-NFC. The loading-
unloading experiments revealed the strong interaction between Q-NFC and ND. The 
scratch hardness of the nanocomposites up to 1 % w/w ND loading was found to be 
comparable to the theoretical value indicating the homogeneous dispersion of ND. In 
addition, the hardness increased with increasing of ND content. 
In summary, a new concept of ND nanocomposite based on NFC decorated with 
ND was successfully developed. By decorating Q-NFC with ND, not only the unique 
properties of ND were successfully exploited in the properties of the Q-NFC/ND 
nanocomposite, but also the synergistic effect occurred.  
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4.1. Introduction 
Nanotechnology is expected to make a major contribution to various industry fields 
that lead the way in the development of the social economy. In recent years, many 
achievements were made by newly stimulated researches and development of 
nanotechniques. The initial discovery of polymer nanocomposites, in which the filler 
has at least one dimension in nanoscale, was reported by the Toyota Central R&D Labs., 
Inc.1 They demonstrated that nylon6/clay nanocomposites showed significant 
improvement in mechanical and thermal properties.2–4 Since then, much work has been 
dedicated to polymer nanocomposites. It has been revealed that these nanocomposites 
have shown remarkable enhancements in material properties, including mechanical 
properties,5,6 thermal properties7,8 and gas-barrier properties,9 compared with the virgin 
polymers or conventional microfiller-incorporated composites. Also, it has often been 
reported that the excellent performances of the nanocomposites have been achieved 
even with a small amount of nanofillers. 
In the last few decades, a variety of nanocarbon materials, such as carbon 
nanotubes (CNTs), have been used as nanofillers for polymer nanocomposites because 
of their outstanding properties.10,11 However, these materials have some problems 
including high costs, allegations against biosafety, low dispersibility in the polymer 
matrices and the blackening of the final products.12 Therefore, the availability of 
nanocarbon materials for polymer nanocomposites has been limited. 
In 2004, single-layered two-dimensional graphene was first isolated by Geim et al. 
at the University of Manchester, and they were consequently honored with the Nobel 
prize in 2010.13 Due to the extremely high mechanical, electronic and thermal 
properties, graphene have recently attracted a great deal of attention in the fields of 
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nanotechnology.14–17 Great strides have been made in the use of solution-processable 
graphene materials for highly conducting composites,18–20 transparent electrodes,21 and 
photovoltaic device applications.22,23 Currently, graphene, monolayer of graphite that 
does not exist naturally, can be produced in large quantities by the chemical reduction of 
graphene oxide (GO) using graphite as a raw material.24 Graphite is cheap and easily 
available, therefore, this chemical approach is likely to be the simplest and most 
effective method for the large-scale production of graphene.  
GO is an intermediate produced in the process of chemical exfoliation of graphite. 
The oxygen-containing groups, such as hydroxyls, carboxyls, carbonyls and epoxides, 
on the surface of GO alter the van der Waals interactions between the layers in graphite 
structure, increasing the distance between the layers, and lead the exfoliation of the 
monolayer. Due to these oxygen-containing functional groups, GO possesses high  
solution-processability, therefore the various modifications can be possible.25–29 In 
addition, for graphene-based polymer nanocomposites, these groups enable to provide 
preferable interfacial interactions.30–32 The strong interactions between GO and polymer 
matrices can be expected to impart the excellent reinforcement effects to the 
nanocomposite materials. Not only exhibiting the aforementioned prominent properties, 
but also GO has a unique sheet-like structure with a high aspect ratio. Therefore, the 
nanodispersion of GO in the polymer matrices will achieve not only the excellent 
properties of nanocarbon materials but also the unique properties derive from the sheet-
like structure. 
In this study, we prepared the GO reinforced polymer nanocomposites by a simple 
and environmentally friendly process. We selected poly (vinyl alcohol) (PVA), a water-
soluble polymer, as a matrix and used water as a processing medium. The dispersibility 
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of GO was examined with structural studies. The comprehensive investigations of the 
nanocomposites’ properties, such as mechanical, barrier, thermal and optical properties, 
were carried out.  
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4.2. Experimental 
4.2.1. Materials  
The GO aqueous suspension (GO content = 1 % w/w) whose GO was synthesized 
from graphite utilizing Hummers method was supplied from Mitsubishi Gas Chemical 
Inc. (Tokyo, Japan).25 The PVA powder used was “Gohsenol NH-18” (Nippon Synthetic 
Chemical Industry Co., Ltd., Osaka, Japan). The degree of polymerization was 1,800 
and the degree of saponification was more than 99 %. 
4.2.2. Sample preparation 
The PVA powder was dissolved in distilled water at 90 ºC to obtain 5 % w/w PVA 
solution. The GO aqueous suspension was slowly added to the PVA solution under 
vigorous stirring to obtain homogeneous PVA/GO aqueous suspension. The PVA/GO 
aqueous suspension was cast into glass petri dish, dried at room temperature and then 
dried in vacuum at 40 ºC for 48 h. The film thickness was controlled as 100 μm. 
4.2.3 Characterization 
Atomic force microscopic (AFM) (Nano Navi Station/E-sweep, Seiko Instruments) 
was used to observe the morphology of GO. A silicon cantilever probe was used in the 
tapping mode in air. The sample was prepared by spin-coating the diluted GO aqueous 
suspension on a silicon wafer. The Fourier transferred infrared (FTIR) spectrometery 
(Spectrum GX FT-IR System I-KS, Perkin Elmer, Massachusetts, USA) was performed 
at a resolution of 2 cm-1. The accumulated number of scans was 10. X-ray photoelectron 
spectroscopy (XPS) measurements were conducted for the GO powder on an indium 
ingot using an ESCA-850 spectrometer (Shimadzu Co., Kyoto, Japan) equipped with 
MgKα radiation generated at 8 kV and 30 mA. X-ray diffraction was carried out with an 
X-ray diffractometer (RINT2100, Rigaku, Tokyo, Japan). The specimens were 
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irradiated with a Ni-filtered CuKα radiation beam operated at 40 kV and 20 mA. The 
scanning speed was 1.0 degree/min and the 2θ/θ scan data were collected at 0.02 degree 
intervals. The crystallinity (Xc) of PVA was determined using the following equation: 
c
c
c a
100
( )
AX
A A
    (%)                (4.1) 
where Ac is the area of the crystalline region and Aa is the area of the amorphous region.  
The fracture surface of the nanocomposite was observed by Field-Emission 
Scanning Electron Microscope (FE-SEM) using Hitachi S-4800 (Hitachi, Japan) 
equipped with a cold field emission electron source. The samples were coated with 
graphite and platinum-palladium using Cressington 208 HR sputter coaters (Cressington 
Scientific Instruments Ltd., UK).  
The tensile properties of the nanocomposites were evaluated using a tensile test 
with an Autograph AGS-1kND (Shimadzu Co., Kyoto, Japan). The initial length of the 
specimen was 20 mm, and a cross head speed of 2 mm/min was employed. The number 
of tested specimens was more than ten. The toughness (K), which was defined as the 
area surrounded by the stress–strain curve, was calculated using the following equation: 
max
0
d /K
 
      (J/g)                  (4.2) 
where, σ is stress (Pa), ε is strain (-) and ρ is density (g/m3). The dynamic mechanical 
analyses were performed using a dynamic mechanical analyzer (DVA-220S, ITK Co., 
Ltd., Osaka, Japan) under nitrogen flow. A heating rate of 6 °C/min was employed with 
a frequency of 10 Hz. The same analyzer was used to measure the humidity dependence 
of the storage modulus. The relative humidity (RH) was changed from 15 % RH to 
90 % RH at a rate of 1 % RH/min in the air atmosphere at 60 ºC.  
The swelling ratio was determined by immersing the specimens in distilled water 
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at 30 ºC and was defined as the weight gain of the specimens as follows: 
Swelling ratio=W/W0                     (4.3) 
where, W0 and W are the weight of the specimen before and after swelling, respectively. 
The diffusion coefficient of water (D) was determined using the following equation:33,34  
 (m2/s)                       (4.4) 
where Q is the slope of the linear approximation obtained by plotting the swelling ratio 
versus the square root of the swelling time and r is the thickness of the specimens. 
Differential scanning calorimetry (DSC) was carried out using a differential 
scanning calorimeter (DSC-220CU, Seiko Instruments Inc., Chiba, Japan). The melting 
points (Tm) of the nanocomposites were determined as the endotherm peak temperature. 
The thermal decomposition temperature (Td) was measured with a thermogravimeter 
(TG) (TG/DTA-220CU, Seiko Instruments Inc., Chiba, Japan). The Td was defined as 
the temperature at which the substance had a 5 % w/w thermal weight loss. DSC and 
TG were performed under nitrogen flow with a heating rate of 10 °C/min. The thermal 
expansion behavior was measured using a TMA/SS-120CU (Seiko Instruments Inc., 
Chiba, Japan) under nitrogen flow. The instrument was operated in tension mode under 
1 MPa stress with a heating rate of 10 ºC/min. 
The ultraviolet-visible (UV-vis) spectra were observed using a UV-vis 
spectrophotometer (U-2000, Hitachi Ltd., Tokyo, Japan) at a scan rate of 400 nm/min. 
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4.3. Results and Discussion 
4.3.1. Characterization 
The morphology of GO was observed by AFM as shown in Figure 1. The height 
profile of the GO was obtained along the line in the height image. GO was found to be 
nanodispersed as monolayer in the suspension. It was revealed that the thickness of GO 
was 0.8–1.0 nm and the average length was 3 µm. 
The FTIR spectrum of GO is shown in Figure 2. The spectrum shows the 
characteristic absorption bands of GO structure. The band at 1622 cm-1 was assigned 
to the stretching vibration of an aromatic sp2 carbon bond. The bands at 2915 cm-1 
and 1352 cm-1 were attributed to aliphatic C–H stretching and deformation vibration,  
 
 
Figure 1 AFM height image and height profile of GO. 
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Figure 2 FT-IR spectrum of GO. 
 
respectively.35 In addition to the bands derived from the graphene backbone, which was 
planar sheet of sp2-bonded carbon atoms, the oxygen-containing functional groups were 
also observed. The bands at 1733 cm-1, 1225 cm-1 and 1075 cm-1 were assigned as C=O 
stretching, C–OH bending and C–O stretching, respectively.36 Furthermore, the band at 
975 cm-1 was assigned as the symmetrical epoxy ring deformation as well as the out-of-
plane wagging of O–H–O.37 The hydroxyl groups appeared at 3404 cm-1 (O–H 
stretching vibration) and 1622 cm-1 (O–H bending vibration), which included adsorbed 
water on the GO surface in air.38,39  
Subsequently, XPS measurements were conducted in order to confirm the presence 
of oxygen-containing functional groups on the surface of GO. The atomic % and O/C 
ratio from the XPS analysis was shown in Table 1. It was revealed that GO 
contained 27.8 % oxygen. Therefore, the surface of GO was found to be adequately 
oxidized, which resulted in the high dispersibility of GO in an aqueous medium. 
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Figure 3 (a) C1s XPS spectrum and (b) O1s XPS spectrum of GO. 
 
Table 1 Atomic % and O/C ratio of GO. 
 
 
 
 
Figure 3 (a) and (b) show C1s and O1s spectra of GO, respectively. The C1s 
spectrum indicated five different types of functional groups. The peaks at 289.1 eV 
(peak 1) and 289.9 eV (peak 2) were assigned as carbonyl groups and carboxyl groups, 
respectively.40,41 The peak for C–O–C bond in epoxies/ethers as well as that for C–OH 
bonding was found at the binding energy of 287.5 eV (peak 3).42 The peaks related to 
the graphene components appeared at 284.5 eV (sp3 carbons and alkyl groups) (peak 4) 
and 283.7 eV (graphitic sp2 carbon species) (peak 5).43 For the O1s spectrum, the peaks 
were curve resolved into three Gaussian peaks (Figure 3 (b)). The peak from hydroxyl 
groups was observed as the most intense peak, at 533.6 eV (peak 1). The peak at 528.5 eV 
 Atom % Ratio 
 C O C/O 
GO 72.2 27.8 0.4 
a b
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Figure 4 (a) X-ray diffraction profiles of PVA film, PVA/GO nanocomposites and GO. The figure 
inserted on the upper right is the profiles of PVA/GO nanocomposite and physical mixture of 
PVA/GO powder with 1 % w/w GO loading. (b) FE-SEM image of the fracture surface of 
PVA/GO nanocomposites with 5 % w/w GO loading. 
 
(peak 2) and the peak at 536.0 eV (peak 3) were related to carboxyl/carbonyl/ether 
groups and epoxy group, respectively.41 
Figure 4 (a) shows the X-ray diffraction profiles of the PVA film, PVA/GO 
nanocomposites and GO powder dried from aqueous medium. The characteristic peak 
for GO appeared clearly at 2θ=10.1º, which was assigned as the 001 reflection 
corresponding to the graphite interlayer distance. Because of the GO agglomeration, 
which was formed during the drying process, the 001 reflection of GO interlayer 
appeared in the profile. This 001 reflection was also observed for the PVA/GO mixture, 
where the PVA and GO powders were physically mixed using a mortar, overlapping 
with the 100 reflection of PVA. On the other hand, for the nanocomposites, this 
reflection disappeared, which suggests that GO was well exfoliated and homogeneously 
a 
b
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dispersed in the PVA matrix.44,45 The Xc values determined by the X-ray diffraction 
profiles were found to be increased from 28 % in a neat PVA film to 30, 33 and 35 % by 
the incorporation of 0.1, 0.5 and 1 % w/w GO loading, respectively. These results 
suggested that GO acted as the crystallization nucleus of the PVA matrix in the 
nanocomposites.2,7 
The fracture surface of the nanocomposites with 5 % w/w GO loading was shown 
in FE-SEM image in Figure 4 (b). GO was found to be dispersed thoroughly in the 
nanocomposites forming the orientation which was parallel to the film surface. It was 
assumed that the parallel orientation of GO was formed during the casting of the 
suspension in the sample preparation process. The orientation of GO was a key for the 
properties of the nanocomposites discussed below. 
4.3.2. Mechanical properties 
Figure 5 (a) shows the stress–strain curves of the PVA film and the PVA/GO 
nanocomposites. The tensile strength (σmax), equal to the yielding stress, and the 
Young’s modulus (E) were remarkably increased by the incorporation of GO. On the 
other hand, the elongation at break (εmax) of the nanocomposites decreased with the 
increasing of GO content, while the PVA film showed the typical stress–strain curve for 
a conventional polymer film with yielding. 
Figure 5 (b) shows the E values of the PVA film and the PVA/GO nanocomposites 
as a function of GO content (see also Table 2). Compared to the PVA film, the E value 
was found to be drastically increased by 176 % for the nanocomposite with only 0.1 % 
w/w GO.  
In the past, many theoretical and empirical models have been developed for 
polymer composite systems.46–52 A comparison was made between the experimental data 
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Figure 5 (a) Stress-strain curves of PVA film and PVA/GO nanocomposites; (b) Experimental 
Young’s modulus of PVA/GO nanocomposites and calculated data derived from Halpin-Tsai 
equation. 
 
and the model predictions for the PVA/GO nanocomposites. Here, we employed the 
Halpin-Tsai equation, which is one of the most widely used models to estimate the 
reinforcement effect of a filler in composites, based on the assumption that the GO 
sheets were aligned parallel to the surface of the nanocomposites. The equations were 
given as follows: 
f
c m
f
(1 )
(1- )
VE E
V


                               (4.5) 
f m
f m
( 1)
( )
E E
E E
 
                                 (4.6) 
where Ec, Ef and Em are the E of the composites, filler and matrix, respectively, and Vf is 
the volume fraction of filler. ξ is a shape parameter that depends on filler geometry, 
orientation and loading direction and is equal to the following equation: 
f f
f
2 2
3 3
l
t
                                     (4.7) 
where lf and tf are the length and thickness of GO, respectively. 
a b
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The Ec values of the PVA/GO nanocomposites were calculated using equations 
(4.5)–(4.7) and were shown as a broken line in Figure 5 (b). For the nanocomposites 
with low GO content (below 1 % w/w), the experimental E value greatly exceeded the 
model predictions. These unrivaled reinforcement effects could be achieved mainly by 
the combination of two elements in the PVA/GO nanocomposites. First, due to the 
increase in the Xc of the PVA matrix with increasing GO content, as previously 
mentioned, the mechanical properties of the PVA matrix increased, contributing to 
the enhancement 
 
 
Scheme 1. Schematic illustration of the possible interaction between PVA and GO. 
 
Table 2. Young’s modulus (E), tensile strength (σmax), elongation at break (εmax) and toughness 
(K) of PVA film and PVA/GO nanocomposites. 
 
E σmax εmax K 
GPa MPa % J/g 
PVA 3.7 ± 0.2 95 ± 2.5 72 ± 3.1 43 
PVA/GO 0.1%w/w 6.5 ± 0.4 134 ± 9.4 65 ± 9.2 57 
PVA/GO 0.5%w/w 7.0 ± 0.2 140 ± 7.6 20 ± 4.5 13 
PVA/GO 1%w/w 7.3 ± 0.5 139 ± 8.7 5.8 ± 0.7   6.4 
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of the mechanical properties of the 
nanocomposites. Next, the strong 
interfacial interaction was produced 
between PVA and GO, which supplied 
an excellent reinforcement effect 
described below.44,45 
Scheme 1 shows the schematic 
illustration of the possible interactions 
between PVA and GO. There were 
oxygen-containing moieties on the 
surface of GO. These groups could 
form hydrogen bonds with PVA. 
Furthermore, because of the large 
aspect ratio of GO, the strong 
interaction was effectively achieved, 
resulting in the excellent stress 
transfer. Therefore, the high 
mechanical performances that 
exceeded the predictions could be 
achieved for the PVA/GO 
nanocomposites.  
Figure 6 shows the σmax, εmax and K values of the PVA film and the PVA/GO 
nanocomposite as a function of GO content. As is mentioned above, while the σmax 
value and the E value were increased, the εmax value was decreased with increasing of 
Figure 6 Experimental tensile strength, 
elongation at break and toughness of PVA/GO 
nanocomposites. 
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Figure 7 (a) Temperature dependence of the storage modulus and the mechanical tanδ of PVA 
film and PVA/GO nanocomposites; (b) Relative humidity dependence of the storage modulus for 
PVA film and PVA/GO nanocomposites at 60 ˚C. 
 
GO content. The fracture of the nanocomposites would be caused by the strong but 
brittle nature of GO. At the same time, the aggregation of GO could be the starting point 
of the crack under concentrated stress. However the nanocomposite with 0.1 % w/w GO 
loading showed the high εmax value close to that of the PVA film. Therefore, the K value 
of the nanocomposite was 33 % higher than that of the PVA film. It was revealed that 
the reinforcement effect of GO was achieved not only for the E value and σmax value, 
but also the K value for the nanocomposites with a small amount of GO. 
Figure 7 (a) shows the temperature dependence of the storage modulus (E´) and the 
mechanical tanδ of the PVA film and the PVA/GO nanocomposites. The main dispersion 
in tanδ, so-called αa, appeared at approximately 61 ˚C and was assigned as the glass 
transition (Tg) of the PVA matrix.53 By the incorporation of GO, the peak of this 
dispersion shifted to higher temperature, and at the same time, the intensity of the peak 
decreased. The other dispersion at approximately -5 ˚C, so-called β dispersion, was also 
a b
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suppressed for the nanocomposites. From the dynamic mechanical analysis (DMA) over 
the glass transition temperature (Tg) of PVA, the decrease in E´ value was effectively 
suppressed by the incorporation of GO, and the high E´ was maintained within the 
entire temperature range (from -150 ˚C to 200 ˚C) for the nanocomposites.54 These 
results indicated that the molecular motion of the polymer chains was restricted in the 
amorphous phase of PVA by the strong interactions between PVA and GO, causing 
sufficient reinforcement effects.32,55–59  
The humidity dependence of the nanocomposites was also measured. Figure 7 (b) 
shows the E´ value of the nanocomposites as a function of relative humidity in the range 
of 15 % – 90 % at 60 ˚C. The arrows in the figure show the minimum of the derivative 
value for each curve. It was revealed that the high E´ value was maintained even under 
high relative humidity for the nanocomposites. It was shown that the relaxation of the 
PVA molecular chains was effectively suppressed by the highly dispersed GO with its 
high aspect ratio. In addition, the GO tended to orient parallel to the film surface as 
shown in Figure 4 (b) and they brought the significant humidity resistance of the 
nanocomposites. 
4.3.3. Barrier properties 
Figure 8 (a) shows the swelling ratio of the PVA film and the PVA/GO 
nanocomposites in distilled water at 30 ºC. The dotted line in the figure shows the 
swelling ratio of the fluorinated PVA film reported previously, where the PVA film 
surface was chemically modified with fluorinated silane coupling agent.60 The PVA film 
showed a high swelling ratio due to its water-solubility. Regarding the plateau swelling 
ratio, the nanocomposite showed similar result to that of the fluorinated PVA film 
with only 0.1 % w/w of GO loading, where 55 % of the swelling ratio was suppressed. 
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Figure 8 (a) Swelling ratio of PVA film and PVA/GO nanocomposites with water at 30 ˚C. The 
results for the fluorinated PVA film was superimposed as a dotted line;60 (b) Water diffusion 
coefficient for PVA film and PVA/GO nanocomposites. The broken line is that of poly (vinylidene 
chloride).61  
 
On the other hand, according to the gradient of the swelling curve, the nanocomposite 
with 1 % w/w GO loading showed similar effect of preventing the penetration of water 
into the bulk to that of the fluorinated PVA film..  
The diffusion coefficient of water for the PVA film and the PVA/GO 
nanocomposites are shown in Figure 8 (b). It was found that the diffusion coefficient of 
the nanocomposites with 1 % w/w of GO (1.3×10-11 m2/s) was comparable to that of 
poly (vinylidene chloride) (1.0×10-11 m2/s),61 which is well known for its high barrier 
property. Therefore, as described above in the results of DMA, the advantageous of the 
GO structure was effectively imparted to the nanocomposites. As a result, the excellent 
barrier property of the nanocomposites against water was achieved, overcoming the 
humidity sensitivity of the PVA matrix. 
a b
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Figure 9 (a) Differential scanning thermograms and (b) Thermogravimetric traces of PVA film 
and PVA/GO nanocomposites. 
 
4.3.4. Thermal properties 
Figure 9 (a) shows the DSC thermograms of the PVA film and the PVA/GO 
nanocomposites. The endotherm assigned as the melting temperature (Tm) of pure PVA 
(approximately 225 °C) was clearly observed in every case. The Tg and the Tm of the 
PVA film and the PVA/GO nanocomposites are summarized in Table 3. The increase in 
the Tg caused by the incorporation of GO was observed in the DSC thermograms, which 
coincide with the results of DMA. There was no obvious change in Tm by the 
incorporation of GO. This result suggests that GO largely affects the amorphous region 
of the PVA matrix. The thermogravimetric trace was used to further characterize the 
thermal properties of the PVA film and the PVA/GO nanocomposites (Figure 9 (b)). The 
onset temperature of the thermal degradation (Td) was increased gradually by the 
incorporation of GO. The Td of the PVA/GO nanocomposite with 1 % w/w GO loading 
was 8 ºC higher than that of PVA film. This result indicated that, due to the 
nanodispersion and its high aspect ratio, GO acted as a barrier to hinder not only water 
a b
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adsorption but also the volatile decomposition products throughout the 
nanocomposites.62 In addition, the PVA molecular motion was suppressed by the rigid 
structure of GO, which have been ascribed to the stability of the hydrogen bonding 
between PVA and GO.32 Therefore, the improvement of the thermal stability was 
achieved. 
 
 
 
Figure 10 Thermal expansion behaviors of PVA film and PVA/GO nanocomposites under 1 
MPa.  
 
Table 3. Thermal properties of PVA film and PVA/GO nanocomposites. 
 
Tg Tm Td α (40–50 °C) α (80–90 °C)
°C °C °C 10-5 K-1 10-4 K-1 
PVA 62 225 263 8.8 6.9 
PVA/GO 0.1 %w/w 65 225 265 7.2 5.9 
PVA/GO 0.5 %w/w 68 226 269 5.9 4.0 
PVA/GO 1 %w/w 76 227 271 4.7 2.1 
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Figure 11 (a) Optical images and (b) UV-vis spectra of PVA film and PVA/GO nanocomposites. 
The film thickness was 100 µm.  
 
The dimensional stability was evaluated by the measurement of the thermal 
expansion behavior of the PVA film and the PVA/GO nanocomposites (Figure 10). For 
wide applications of the composites, warping and other changes in shape during the 
service should be avoided. Therefore, the dimensional stability is a critical point for the 
application. The thermal expansion was suppressed steadily by the incorporation of GO. 
It was apparent that the heat distortion temperature increased with increasing of GO 
content. The heat distortion temperature of the PVA/GO nanocomposite with 1 % w/w 
GO loading was 66 ºC, which was 8 ºC higher than that of the PVA film. The thermal 
expansion coefficients (α) between 40–50 ºC and 80–90 ºC of the PVA film and the 
PVA/GO nanocomposites are summarized in Table 3. In both cases, the α value of the 
nanocomposites was decreased linearly with the GO loading. Especially above Tg, the α 
value was drastically suppressed by the incorporation of GO. It was indicated that the 
PVA molecular motion was effectively suppressed by the homogeneously dispersed GO, 
and, the rigid structure of GO was sufficiently imparted to the nanocomposites. 
a 
b
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4.3.5. Optical transparency 
The optical images of the PVA film and the PVA/GO nanocomposites are shown in 
Figure 11 (a). The optical transparency of the nanocomposites was decreased with 
increasing of the GO content. However, even with 1 % w/w of GO, the nanocomposites 
still preserved the high transparency of PVA. Figure 11 (b) shows the UV-vis spectra of 
the PVA film and the PVA/GO nanocomposites. Across the visible light region of the 
wavelength of 380–780 nm, the PVA film exhibited the high transparency of more than 
90 %, which enables PVA to be used as an optical film such as a polarizer. On the other 
hand, for the nanocomposites, as previously mentioned, the transparency was 
decreased with increasing GO content. Thus, it was revealed that the transparency of the 
nanocomposites was controllable simply by changing the content of GO. 
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4.4. Conclusions 
We prepared the PVA/GO nanocomposites by a simple casting method from an 
aqueous medium. From the structural studies, GO was revealed to be exfoliated and 
nanodispersed in the PVA matrix. By the incorporation of GO, the E value and the σmax 
value were remarkably increased compared with those of the PVA film. We compared 
the experimental E value with the theoretical value derived from the model prediction 
by using the Halpin-Tsai equation. The experimental value largely exceeded the 
theoretical value at a low content of GO up to 1 % w/w. It was revealed that the 
excellent reinforcement was achieved by the strong interaction between PVA and GO. 
In addition, the barrier properties and the thermal properties of the nanocomposites were 
remarkably increased by the incorporation of GO. These high performances of the 
nanocomposites were largely attributed to the rigid structure of GO with its high aspect 
ratio. In conclusion, we succeeded in imparting not only the excellent properties of GO 
but also the advantageous effects derived from the morphology of GO effectively to the 
nanocomposites. 
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5.1. Introduction 
Among the composites materials, polymer nanocomposites have attracted a great 
deal of attention due to their high performances and its light weight. Since Toyota 
Central R&D Labs., Inc. first reported the development of the polymer nanocomposites 
composed of nylon 6 and clay,1–4 many kinds of nanofillers were incorporated in 
polymer matrices.5–9 The remarkable enhancements in various properties by the 
incorporation of a small amount loading of nanofillers have often been reported, 
therefore, they have been expected as alternatives for pure polymers or conventional 
micro-filler composites or even for metals. 
In recent years, one of the most highly attractive nanofillers has been graphene.10,11 
Graphene is a single layer of graphite composed of one atom thick carbon sheet. It 
shows extremely high performances in its properties, such as mechanical, thermal and 
electronic properties.12–15 In order to produce good interactions between graphene and 
polymer matrices, chemical modification of graphene has been widely conducted and 
rich varieties of graphene derivatives have been developed.11 Chemically modified 
graphene derivatives have often been processed from graphene oxide (GO), which is 
produced during the chemical preparation of graphene through the oxidation of 
graphite.16 GO possesses oxygen-containing functional groups on the base plane and 
edges of graphene, thus GO shows hydrophilic affinity.17,18 Therefore, aqueous process 
can readily achieve the nanodispersion of GO for the nanocomposite preparations.19 
In our previous study, we selected poly (vinyl alcohol) (PVA), which is well known 
as a water soluble polymer, as a matrix and prepared the PVA/GO nanocomposites using 
a simple casting method through the aqueous medium.20 We revealed that GO was 
highly exfoliated and nanodispersed in the polymer matrix, and the as-cast PVA/GO 
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nanocomposites showed the excellent properties.  
So far, several researches on the PVA/GO nanocomposites have been reported and 
have provided several methods which used water as a processing medium.21–23 Zhao et. 
al.24 prepared the nanocomposites with high GO content using layer-by-layer assembly 
and showed the remarkable increases in the elastic modulus and the hardness. The high 
content PVA/GO nanocomposite was also prepared by vacuum-assisted self-assembly.25 
Both of these techniques brought the multilayered structure nanocomposites.26,27 The 
strong interaction between the polymer matrix and the filler was produced by these 
processes together with the high in-plane orientation, resulting in the extremely high 
stiffness of the composites. Polymer nanocomposites reinforced by high content of 
highly aligned layered nanofillers were often investigated as artificial models of nacre, 
which is the composition of highly aligned inorganic aragonite platelets and protein. It 
was reported that the high stiffness comparable to that of nacre was achieved by layer-
by-layer process of PVA/clay nanocomposites.26 In addition, vacuum assisted self-
assembly was also used to produce the high content PVA/GO nanocomposites, where 
GO was highly aligned.25 However, it is difficult to control the amount of the fillers by 
these methods, and the filler content has no choice but to be high. 
Generally, the alignment of the filler with high aspect ratio has a critical effect on 
the properties of the composites.28,29 For example, the alignment of the layered particles 
with their layers aligned in the direction parallel to the film surface can produce the 
significant barrier properties.30 In this study, orientation control of the PVA/GO 
nanocomposites was done by the uniaxial drawing of the as-cast nanocomposites. The 
casting method enables to control the GO content to be 0–1 % w/w. GO was expected to 
align parallel to the film surface by the simple uniaxial drawing. The effects of the 
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uniaxial drawing on the structure and properties of the nanocomposites were 
investigated. This work was an attempt to maximize the excellent properties of GO with 
a minimum content of GO. 
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5.2. Experimental 
5.2.1. Materials  
GO aqueous suspension (1 % w/w) was supplied from Mitsubishi Gas Chemical, 
Inc. (Tokyo, Japan). GO in the aqueous suspension was synthesized from graphite using 
the method based on Hummers method.31 PVA powder (“Gohsenol NH-18”, Nippon 
Synthetic Chemical Industry Co., Ltd., Osaka, Japan) was used with a degree of 
polymerization 1,800 and a degree of saponification more than 99 %. 
5.2.2. Sample preparation 
The PVA/GO nanocomposites were prepared by solvent casting method. The 
details of the nanocomposite preparation have been described in our previous report.20 
The as-cast nanocomposites were put into an oven at 160 ºC for 15 min, subsequently, 
uniaxially drawn. The draw ratio was fixed at 3 times and the thickness of the drawn 
films was 60 μm in average. 
5.2.3. Characterization 
X-ray generator (RINT2100, Rigaku, Tokyo, Japan) was operated at 40 kV/20 mA. 
X-ray diffraction profiles were obtained by irradiating the samples by Ni-filtered CuKα 
radiation. The scanning speed was 1.0 degree/min and the 2θ/θ scan data were collected 
at 0.02 degree intervals. X-ray diffraction images were taken with a flat camera. 
The cross section of the uniaxially drawn PVA/GO nanocomposite with 1 % w/w 
GO loading was observed using a field emission scanning electron microscope (FE-
SEM) (JEOL, JSM-7500F) at an accelerating voltage of 2 kV and emission current of 
10 µA. Osmium tetroxide was deposited on the sample surface prior to observation. 
Tensile test of the drawn PVA/GO nanocomposites were performed using 
Autograph AGS-1kND (Shimadzu Co., Kyoto, Japan). The cross head speed was 2 
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mm/min and the initial length was 20 mm. More than 10 specimens were tested for each 
sample. The toughness (K) was calculated using the following equation (5.1): 
max
0
d /K

      (J/g)                   (5.1) 
where, σ is stress (Pa=J/m3), ε is strain (-). and ρ is density (g/m3). The dynamic 
mechanical analyses were performed using a dynamic mechanical analyzer, DVA-220S 
(ITK Co., Ltd., Osaka, Japan). A heating rate of 6 °C/min with a frequency of 10 Hz 
was employed under nitrogen flow.  
Differential scanning calorimetry (DSC) was carried out using a differential 
scanning calorimeter (DSC-220CU, Seiko Instruments Inc., Chiba, Japan). The melting 
point (Tm) of the nanocomposite was determined as the endotherm peak temperature. 
The thermal decomposition temperature (Td) was measured with a thermogravimeter 
(TG) (TG/DTA-220CU, Seiko Instruments Inc., Chiba, Japan). The Td was defined as 
the temperature at which the substance had a 5 % w/w thermal weight loss. DSC and 
TG were performed under nitrogen flow with a heating rate of 10 °C/min. Thermal 
diffusivity (α) was obtained by Thermowave Analyzer TA3 (Bethel Co., Ltd., Ibaraki, 
Japan) under periodic laser heating. The α of in-plane direction was measured at room 
temperature. 
The swelling ratio was determined by immersing the specimen in distilled water at 
30 ºC and was defined as the weight gain of the specimen calculated by the following 
equation: 
Swelling ratio=W/W0                    (5.2) 
where, W0 and W is the weight of the specimen before and after swelling, respectively. 
The diffusion coefficient of water (D) was determined using the following equation 
(5.3):32,33  
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 (m2/s)                     (5.3) 
where Q is the slope of the linear approximation obtained by plotting the swelling ratio 
versus the square root of the swelling time and r is the thickness of the specimens.  
  
Chapter 5 
118 
 
5.3. Results and Discussion 
5.3.1. Characterization 
Figure 1 (a) shows the equatorial X-ray diffraction profiles of the uniaxially drawn 
PVA film, PVA/GO nanocomposite (1 % w/w) and annealed GO. The annealed GO was 
prepared by drying the aqueous suspension at room temperature, followed by drying in 
an oven at the same condition of drawing (160 ºC, 15 min). Due to the increasing of the 
crystallinity of PVA by the hot drawing, both PVA film and the nanocomposites showed 
sharp peaks. On the profile of GO, the characteristic peak of 001 reflection appeared at 
2θ =10.1 º corresponding to the interlayer distance of 8.8 Å, which is larger than that of 
graphite oxide (6.7 Å).34 Compared to the interlayer distance of natural graphite (3.35 
Å), that of graphite oxide and of GO were relatively large. This shows the presence of 
the oxygen containing functional groups which were located between the interlayers of 
graphite oxide and of GO.35 In addition, the appearance of the 001 reflection indicates 
that GO formed graphite (graphite oxide) like structure during the drying process, 
mainly by van der Waals force, while it was exfoliated in the aqueous suspension. 
X-ray diffraction images were taken in order to assess the PVA crystallites 
orientation in the uniaxially drawn PVA film and PVA/GO nanocomposites (Figure 1 
(b)). The peak assigned to 101/101 reflection of PVA clearly appeared for both the PVA 
film and the nanocomposites. The uniaxially drawn samples showed the equatorial arc 
patterns, indicating that the PVA crystallites were oriented parallel to the drawn 
direction. The alignment of GO was also observed in the FE-SEM image as shown in 
Figure 1(c). The result of 2D Fast Fourier Transform was superimposed in the lower left 
corner. Previously, we showed that GO was partially aligned parallel to the film surface 
in the as-cast nanocomposites.20 In the case of the uniaxially drawn nanocomposites, 
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Figure 1 (a) Equatorial X-ray diffraction profiles of the drawn PVA film, PVA/GO nanocomposites 
and annealed GO (160 ºC, 15 min); (b) X-ray diffraction images of the uniaxially drawn PVA film 
and PVA/GO nanocomposite with 1 % w/w GO loading; (c) FE-SEM image of cross section of 
uniaxially drawn PVA/GO nanocomposite with 1 % w/w GO loading. The result of 2D Fast 
Fourier transform was superimposed in the lower left corner. 
 
GO was found to be almost fully aligned parallel to the film surface in the overall 
structure. It is well known that the orientation of the polymer crystallites and the 
alignment of the filler, especially the filler with high aspect ratio, have the large effect 
on the properties of the nanocomposites. 36,37 
ba 
c 
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Figure 2 Stress-strain curves of the uniaxially drawn PVA film and PVA/GO nanocomposites. 
 
5.3.2. Mechanical properties 
Figure 2 shows the stress-strain curves of the uniaxially drawn PVA film and 
PVA/GO nanocomposites. As well as the as-cast nanocomposites, the uniaxially drawn 
nanocomposites showed the increase in the Young’s modulus (E) and the tensile 
strength (σmax) by the incorporation of GO. The E value of the drawn nanocomposite 
was found to be 160 % higher than that of the drawn PVA film with only 1 % w/w GO 
loading (Table 1). For the σmax value, the nanocomposite with GO 0.5 % w/w showed 
the highest value of 392 MPa, which was 37 % higher than that of the drawn PVA film 
(Table 1). On the other hand, for the elongation at break (εmax), the drawn 
nanocomposites moderately decreased with increasing of the GO content. 
Figure 3(a-d) show the E, σmax, εmax and K values of the drawn nanocomposites and 
the as-cast nanocomposites20 as a function of GO content. It was obvious that the E and 
σmax values remarkably increased by the drawing (Figure 3(ab)). Compared with the as-
cast film, the E and σmax values of the drawn PVA film were found to be higher by 89 % 
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Figure 3 (a) Experimental Young’s modulus, (b) tensile strength, (c) elongation at break and (d) 
toughness of the uniaxially drawn PVA/GO nanocomposites and the as-cast PVA/GO 
nanocomposites as a function of GO content. 
 
and 202 %, respectively. These indicate that the PVA crystallites in the drawn film were 
highly oriented as shown above. In the drawn nanocomposites, the effective stress 
transfer was achieved by the highly oriented PVA crystallites and highly aligned GO. 
Therefore, the nanocomposites were revealed to show remarkable increase in the E and 
σmax values by the uniaxial drawing. 
a b
c d
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As previously mentioned, the εmax value of the as-cast composite decreased 
abruptly with the GO loading, however, that of the drawn nanocomposite was hold even 
after the incorporation of GO. Finally, the εmax value of the drawn nanocomposite with 
1 % w/w GO loading was found to be higher than that of the as-cast nanocomposite 
(Figure 3(c)). Therefore, as shown in Figure 3(d), it was revealed that the toughness (K) 
of the drawn nanocomposites tended to maintain higher value. For example, compared 
to the as-cast nanocomposites, the K value of the nanocomposites increased 170% 
and 260 % with 0.5 % w/w and 1 % w/w GO loading, respectively. Generally, the 
interface between filler and matrix often causes the initial crack due to the high 
stress concentration at the filler edges. The as-cast PVA/GO nanocomposites showed 
large decrease in εmax value which was caused by the random alignment of GO with its 
 
Table 1 Young’s modulus (E), tensile strength (σmax), elongation at break (εmax) and toughness 
(K) of the uniaxially drawn PVA film, PVA/GO nanocomposites and the as-cast PVA film, 
PVA/GO nanocomposites.20  
 
E σmax εmax K 
GPa MPa % J/g 
Uniaxially 
drawn 
PVA film 7.0 ± 0.2 287 ± 5.6 30 ± 2.3 48 
PVA/GO 0.1%w/w 11.3 ± 0.5 296 ± 23.3 21 ± 1.5 32 
PVA/GO 0.5%w/w 14.8 ± 1.0 392 ± 16.2 17 ± 2.2 35 
PVA/GO 1%w/w 18.3 ± 0.6 274 ± 15.3 16 ± 3.4 23 
As-cast20 
PVA film 3.7 ± 0.2 95 ± 2.5 73 ± 3.1 43 
PVA/GO 0.1%w/w 6.5 ± 0.4 134 ± 9.4 65 ± 9.2 57 
PVA/GO 0.5%w/w 7.0 ± 0.2 140 ± 7.6 20 ± 4.5 13 
PVA/GO 1%w/w 7.3 ± 0.5 139 ± 8.7 6.0 ± 0.7 6.4 
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Figure 4 Temperature dependence of storage modulus and mechanical tanδ of the uniaxially 
drawn PVA film and PVA/GO nanocomposites.  
 
anisotropic morphology.20,38 On the other hand, for the drawn PVA/GO nanocomposites, 
the stress concentration at the interface was decreased by the parallel orientation of GO 
and the crack propagation in the direction of perpendicular to the film surface was also 
prevented by the aligned GO sheets. Wang et. al.39 showed the fracture mechanism in 
the epoxy/clay nanocomposite. They revealed that the clay layers, which oriented 
perpendicular to the direction of the crack propagation, hindered the crack propagation 
effectively. Therefore, it was assumed that the oriented GO was also acted as a barrier 
against the crack propagation. 
Figure 4 shows the temperature dependence of the storage modulus (E´) and the 
mechanical tanδ of the uniaxially drawn PVA film and PVA/GO nanocomposites. The 
dispersion at above 100 ºC, the main dispersion at 73–82 ºC and the lower temperature 
dispersion (approximately 0 ˚C) in the mechanical tanδ is so-called αc dispersion, 
αa dispersion and β dispersion, respectively. The intensities of these dispersions were 
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Figure 5 (a) DSC thermograms of the uniaxially drawn PVA film and PVA/GO nanocomposites; 
(b) Thermogravimetric traces of the uniaxially drawn PVA film and PVA/GO nanocomposites. 
 
found to be suppressed by the addition of GO. It was suggested that the mobility of PVA 
molecular chain was largely restricted by the aligned GO sheets, which resulted in the 
excellent reinforcement with their rigid structure. In addition, the peek temperature of 
the αc dispersion, which was attributed to the PVA crystallites relaxation, was found to 
be increased by the incorporation of GO. Previously, we reported that GO largely affects 
the amorphous region than the crystalline regions of the PVA matrix for the as-cast 
nanocomposites. 20 On the other hand, in the drawn nanocomposites, the reinforcement 
effect of GO was revealed to be effective not only for the amorphous region but also for 
the crystalline regions. Judging from the results of the E´, it is clear that the 
nanocomposites maintained the high E´ within the whole temperature range (-150–200 
˚C), and the decrease in E´ with temperature over the glass transition (Tg) was 
effectively suppressed for the drawn nanocomposites. These results also supported that 
the mobility of PVA molecular chains in the drawn nanocomposites was largely 
suppressed by the aligned GO sheets. In addition, the αa dispersion in the mechanical 
a b
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Figure 6 Experimental glass transition temperature and thermal decomposition temperature of 
the uniaxially drawn PVA film and PVA/GO nanocomposites. 
 
tanδ, corresponding to the Tg of the PVA matrix, as well as the αc dispersion, shifted to 
higher temperature the nanocomposites with the increasing of the GO content.40 The Tg 
of the uniaxially drawn nanocomposite with 1 % w/w was found to be 9 ºC higher than 
that of the uniaxially drawn PVA film, and 20 ºC higher than that of the as-cast PVA 
film, revealing the effective reinforcement brought by the aligned GO (Table 2). 
5.3.3. Thermal properties 
Figure 5 (a) shows the DSC thermograms of the uniaxially drawn PVA film and 
PVA/GO nanocomposites. The endothermic peaks in the curves at 227–232 °C assigned 
as the melting temperature (Tm) of PVA. Due to the increase in the crystallinity of PVA 
brought by the incorporation of GO, the drawn nanocomposites showed sharper 
endotherms than that of the PVA film in the curves. On the other hand, there was no 
obvious change in Tm by the incorporation of GO for uniaxially drawn nanocomposites. 
This result suggests that GO had little effect on the PVA crystallites size while the 
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crystallinity was increased and the molecular motion of PVA was significantly 
suppressed by the incorporation of GO. 
The results in thermogravimetry showed a large difference between the drawn PVA 
film and the PVA/GO nanocomposites. The thermogravimetric traces of the uniaxially 
drawn PVA film and PVA/GO nanocomposites are shown in Figure 5 (b). The 
temperature at 5 % w/w loss was determined as the thermal decomposition 
temperature (Td). As well as Tg, it was revealed that the Td was remarkably increased 
by the incorporation of GO for the drawn nanocomposites (Figure 6). For example, 
the Td of the drawn nanocomposite with 1 % w/w GO loading was 9 ºC higher than that 
of the drawn PVA film, and was 20 ºC higher than that of the as-cast PVA film.20 This 
 
Table 2 Thermal decomposition temperature (Td), melting temperature (Tm), glass transition 
temperature (Tg) and in-plane thermal diffusivity (α) of the uniaxially drawn PVA film and 
PVA/GO nanocomposites and the as-cast PVA film and PVA/GO nanocomposites.20  
 
Td Tm Tg α (//*) α (**) 
ºC ºC ºC 
×10-6 
m2/s 
×10-6 
m2/s 
Uniaxially 
drawn 
PVA film 270 227 73 0.88 0.45 
PVA/GO 0.1%w/w 277 229 76 - - 
PVA/GO 0.5%w/w 282 231 77 - - 
PVA/GO 1%w/w 290 232 82 1.09 0.55 
As-cast20 
PVA film 263 225 62 0.41 0.41 
PVA/GO 0.1%w/w 265 225 65 - - 
PVA/GO 0.5%w/w 269 226 68 - - 
PVA/GO 1%w/w 271 227 76 - - 
*//: Parallel to the drawn direction. **: Perpendicular to the drawn direction. 
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excellent thermal resistance was achieved by nanodispersed and highly aligned GO 
with its high aspect ratio, which interrupted the volatile decomposition products 
passing through the material.26  
The in-plane thermal diffusivity (α) of the as-cast and the drawn nanocomposites 
was summarized in Table 2. The in-plane α value of parallel and perpendicular to the 
drawn direction were measured. In the parallel direction, the α value of the PVA film 
was largely increased by the uniaxial drawing while there was little difference in the 
perpendicular direction. In addition, for the uniaxially drawn samples, the further 
increase was observed for the nanocomposites. Pietralla et. al.41,42 showed that the α 
value of the uniaxially stretched low density polyethylene (PE) increased with 
increasing of the draw ratio. They suggested that, in the drawn PE, the thermal diffusion 
in the drawn direction was dominated by the oriented polymer crystallites. It was 
suggested that, in the uniaxially drawn nanocomposites, in addition to the efficient heat 
transfer brought by the highly oriented PVA chains, the highly aligned GO also 
promoted the heat transfer and achieve the significant increase in the thermal 
conductivity. 
5.3.4. Barrier properties 
Figure 7 (a) shows the swelling ratio of the uniaxially drawn PVA film and 
PVA/GO nanocomposites in distilled water at 30 ºC. Subsequently, the solid lines in 
the figure shows the result of the as-cast PVA/GO nanocomposites with 1 % w/w GO 
loading.20 In spite of the high water-solubility of PVA, the uniaxially drawn PVA film 
showed low swelling ratio, indicating that the crystallinity of PVA was increased by 
the hot drawing. Similarly, for the nanocomposites, the swelling ratio was largely 
suppressed by the drawing. For example, compared with the as-cast nanocomposites, 
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Figure 7 (a) Swelling ratio of the uniaxially drawn PVA film, PVA/GO nanocomposites and the 
as-cast PVA/GO nanocomposites with 1 % w/w GO loading with water at 30 ˚C;20 (b) Water 
diffusion coefficient for the uniaxially drawn PVA film, PVA/GO nanocomposites and the as-cast 
PVA/GO nanocomposites with 1 % w/w GO loading.20 
 
the plateau swelling ratio was suppressed by 35 % when the 1 % w/w of GO was 
incorporated.20 The preferred alignment of GO prevented the penetration of water 
effectively with the highly crystalized PVA. 
Next, the diffusion coefficient of water was calculated from the initial gradient of 
the swelling ratio curve (Figure 7 (b)). It was revealed that the diffusion coefficient 
drastically decreased for the drawn nanocomposites. In comparison to the drawn PVA 
film, the diffusion coefficient of the drawn nanocomposites was suppressed by 75 % 
with only 0.1 % w/w GO loading. Furthermore, the addition of GO 1 % w/w suppressed 
the diffusion coefficient by more than one order of the drawn PVA film. In our previous 
study, the as-cast nanocomposites with 1 % w/w GO loading showed the comparable 
value with that of poly (vinylidene chloride).20,43 In this study, the drawn 
nanocomposites with 1 % w/w GO loading achieved 82 % lower diffusion coefficient 
a b
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than that of the as-cast nanocomposite, that is, much lower value than that of poly 
(vinylidene chloride). This suggests that the nano dispersed and highly aligned GO 
prevented water to penetrate into the nanocomposites. At the same time, coincided 
with the DMA result, the aligned GO effectively suppressed the molecular motion of 
PVA and prevented the swelling of the whole material. 
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5.4. Conclusions 
The orientation control for the PVA/GO nanocomposites was done by the uniaxial 
drawing. The structural studies revealed that the PVA crystallites and GO were highly 
oriented by the drawing. For the mechanical properties, the uniaxially drawn PVA/GO 
nanocomposites were found to show high E and σmax value. In addition, the K value of 
the uniaxially drawn nanocomposites remarkably increased compared with those of as-
cast nanocomposites due to the highly oriented structure. Furthermore, it was revealed 
that the drawn nanocomposites possessed excellent thermal resistance and water 
resistance. 
The high aspect ratio of GO and its rigid structure was effectively applied to the 
nanocomposites by uniaxial drawing, resulting in the remarkable enhancement in their 
properties. We revealed that the optimization of PVA/GO nanocomposites was achieved 
by this simple, fast and environmentally friendly process. 
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6.1. Introduction 
Graphene, which consists of a single layer of sp2-bonded carbon atoms, has been 
one of the most in-demand materials of the past decade. In the past, several approaches 
to synthesize the mono-layer of graphene have been reported, including epitaxial growth 
on single-crystal SiC,1 direct growth on single-crystal metal film2–4 or polycrystalline 
film5–7 through chemical vapor deposition, and chemical reduction of exfoliated 
graphene oxide layers.8–10 In 2004, Geim et. al.11 succeeded in the mechanical 
exfoliation from graphite using Scotch tape. Since then, both academic and industrial 
interests in graphene have been exploded. An enormous amount of research on graphene 
has been conducted and its excellent mechanical, thermal, and electrical properties have 
been revealed. According to its Young’s modulus of 1 TPa, the ultimate strength of 130 
GPa, and the thermal conductivity of 5000 W/m·K, it is clear that graphene is one of the 
most promising materials for the development in nanotechnology across many 
fields.12,13  
Graphene oxide (GO), a functionalized graphene material, bears oxygen containing 
functional groups on the basal planes and edges of graphene. These groups attach the 
characteristics of aqueous solution processability (such as water dispersibility) to the 
pristine graphene.14 GO can be prepared by simple and low-cost process in any 
laboratory. Since GO shows high performances similar to those of graphene,15 the 
studies on GO has been widely conducted in various fields. 
In the past, polymer nanocomposites reinforced by nanocarbon materials such as 
carbon nanotubes (CNT) have often been reported.16–18 CNT has been considered 
potential candidates for many applications in nanotechnology due to its high aspect ratio 
and unique electrical, thermal, and mechanical properties. However, CNT tends to 
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bundle together and form macro/micro aggregates in polymer matrices, which can cause 
defects in the material. Many efforts have been made to improve the dispersibility of 
CNT in polymer matrices. For example, the surface modification of CNT has often been 
reported.19–23 In this respect, GO is an effective nano-filler of polymer nanocomposites 
due to its aqueous solution processability, which enables GO to be nanodispersed in the 
polymer matrices by simple processes. Moreover, the nanodispersion of the anisotropic 
structure of GO, similar to that of clay, has been expected to improve the properties 
significantly because of its high aspect ratio and the surface area. Therefore, the 
development of GO/polymer nanocomposites has attracted a great deal of attentions 
among researchers all over the world.  
There are some reports on GO reinforced polymer nanocomposites using 
hydrophilic polymer, such as poly (ethylene oxide) or poly (vinyl alcohol) (PVA).24,25 
Previously, we have revealed the excellent reinforcement effect of GO on the PVA/GO 
nanocomposites.25 Polymer nanocomposites with GO have also been produced using 
hydrophobic polymer, including polystyrene (PS), polyurethane (PU), and poly (methyl 
methacrylate) (PMMA).26 
In order to prepare the PMMA/GO nanocomposites, several sample preparation 
processes have been proposed. For example, the major process is dissolving PMMA 
using an organic solvent such as dimethylformamide mixed with GO powder under 
vigorous stirring. The PMMA/GO suspension has been fabricated into films by several 
methods, such as casting method, vacuum-assisted self-assembly, and the layer-by-layer 
method.27–30 The PMMA/GO nanocomposites have also been prepared by in-situ 
polymerization.31,32 However, the organic solvents and surfactants used in these 
processes are harmful to the environment.  
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Here, we propose an environmentally friendly process for the preparation of the 
PMMA/GO nanocomposites. Instead of using the organic solvent/surfactant 
combination, we mixed PMMA from soap-free emulsion polymerization with GO 
aqueous suspension. This simple and environmentally friendly process enabled the GO 
to be dispersed in the PMMA homogeneously. Furthermore, it was easy to control a 
wide range of GO content. We also found that the resultant PMMA/GO nanocomposites 
showed excellent enhancements on their mechanical, thermal, and O2 barrier properties 
due to the highly dispersed GO.   
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6.2. Experimental 
6.2.1. Materials  
GO aqueous suspension with a content of 1 % w/w was supplied by Mitsubishi 
Gas Chemical Inc. GO was synthesized from graphite using the method based on 
Hummers method.8 Methyl methacrylate monomer (MMA, Sigma Aldrich) was distilled 
under nitrogen at reduced pressure. Potassium peroxydisulfate (KPS, Sigma Aldrich), 
the initiator, was recrystallized and dried in vacuum. Hydrochloric acid (HCl, Sigma 
Aldrich) was used as received.  
6.2.2. Sample preparation 
PMMA. PMMA was synthesized by soap-free emulsion polymerization. Distilled 
water (300 g), MMA monomer (50 g), and KPS (0.5 % w/w vs. MMA) were 
sequentially added to the flask. The mixture was then stirred at 330 rpm at 70 °C for 12 
h. The emulsion was stabilized by the electric hindrance through the sulfate groups on 
the particle surface against coagulation.33 The diameter of the PMMA particles was 450 
± 20 nm (Fig. 1) and the particles were observed with a scanning electron microscope 
(SEM) (TSM-5610LVS, JEOL) at an accelerating voltage of 10 kV. Pt/Pd was deposited 
on the sample surface prior to observation. The average molecular weight of the PMMA 
 
 
Figure 1 SEM image of PMMA particles. 
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was 440,000. 
PMMA/GO nanocomposites. GO aqueous suspension (1 % w/w) was added to 
the PMMA emulsion and stirred for 1 day. Subsequently, 1 % w/w HCl aqueous 
solution was added drop wise to the mixture while stirring. The co-aggregated 
precipitant of the PMMA/GO was rinsed with distilled water and dried in the oven at 
50 °C and then in vacuum at 40 °C. The PMMA/GO powder obtained after the drying 
was melt-pressed at 180 °C for 15 min under 6 MPa. The amount (0–10 % w/w vs. 
PMMA) of the GO content in the nanocomposite was adjusted by changing the amount 
of GO aqueous suspension added. 
6.2.3. Characterization 
The molecular weight of PMMA was analyzed as solutions in chloroform of 0.5 % 
w/w by gel permeation chromatography (HITACHI L-7000 Series, Hitachi Ltd.) and 
was detected with refractive index spectrometer (HITACHI L-7490, Hitachi Ltd.). The 
TSK gel GMHHR-M column (Tosoh Corp.) was used with the flow rate of 1 ml/min at 
30 °C. The molecular weight was calibrated with polystyrene standard. 
Atomic force microscopic (AFM) analysis was performed on GO with a Nano 
Navi Station/E-sweep (Seiko Instruments). A silicon cantilever probe was used in the 
tapping mode in air. The GO aqueous suspension was diluted with distilled water and 
spin-coated on a silicon wafer. X-ray diffraction studies of GO, PMMA, and the 
nanocomposites were done with an X-ray diffractometer (RINT2100, Rigaku) using Ni-
filtered CuKα radiation and operated at 40 kV and 20 mA. The 2θ/θ scan data were 
collected at 0.02 degree intervals with a scanning speed of 1.0 degree/min.  
The tensile test was conducted using an Autograph AGS-1kND (Shimadzu) with a 
cross head speed of 2 mm/min. More than ten specimens were tested with the initial 
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length of 20 mm. The toughness (K), equal to the area surrounded by the stress–strain 
curve, was calculated as follows: 
max
0
d /K
 
      (J/g)                    (6.1) 
where σ is the stress (Pa), ε is the strain (-), and ρ is the density (g/m3). For statistics, 
these experiments were performed for at least 10 different specimens. The averaged 
values and their standard deviations of Young’s modulus, tensile strength, elongation at 
break and toughness were calculated. Dynamic mechanical analysis (DMA) was carried 
out using a dynamic mechanical analyzer (DVA-220S, ITK). A heating rate of 6 °C/min 
and a frequency of 10 Hz were set under nitrogen flow. The thermal decomposition 
temperature (Td) was measured by a thermogravimeter (TG/DTA-220CU, Seiko 
Instruments) at a heating rate of 10 °C/min under nitrogen flow. The temperature of 5 % 
thermal weight loss was defined as the Td. O2 gas permeability was measured at 25 °C 
and relative humidity of 50 % on an OX-TRAN 2/21 (MOCON). The thickness of the 
specimens was 1 mm.  
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6.3. Results and Discussion 
6.3.1. Characterization 
Figure 2 shows the AFM height image and the height profile of GO along the line. 
An irregular form with some wrinkles and folding on the surface and edge were 
observed in the height image. Judging from the height profile, the thickness of GO was 
0.8–1.0 nm with an average aspect ratio of 3000. It was found that GO was fully 
exfoliated to be a monolayer in the aqueous suspension. The Fourier transform infrared 
spectrum and the X-ray photoelectron spectrum showed that the GO surface was 
adequately oxidized with the presence of oxygen containing functional groups, such as 
hydroxyl, carbonyl, carboxyl and epoxy groups.  
 
 
Figure 2 AFM height image and height profile of GO. 
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Figure 3 X-ray diffraction profiles of (a) PMMA film, PMMA/GO nanocomposites and GO, and 
(b) PMMA/GO nanocomposite, dried co-aggregated precipitant of PMMA/GO and physical 
mixture of the PMMA powder and GO powder. GO content was 1 % w/w.  
 
Figure 3 (a) shows X-ray diffraction profiles of the PMMA, PMMA/GO 
nanocomposites, and GO. The GO powder was obtained by drying the aqueous 
suspension at room temperature followed by in vacuum at 40 °C. On the profile of GO, 
the characteristic peak of 001 reflection corresponding to the GO interlayer clearly 
appeared at 2θ=10.1º. The presence of this reflection indicated that the GO sheets 
stacked themselves on top of each other during the drying. PMMA showed the diffuse 
scattering which was typical for amorphous polymers. On the profiles of the 
nanocomposites with 5 and 10 % w/w GO loadings, the 001 reflection appeared 
overlapping with the scattering of PMMA. This shows that, in the nanocomposites with 
high GO content, the excess amount of GO caused the strong interaction between the 
GO sheets themselves and formed the agglomerates. In contrast, for the nanocomposites 
with a low content of GO (up to 1 % w/w), the 001 reflection disappeared, which 
reveals the exfoliation and nanodispersion of GO into the PMMA matrix.34  
a b
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Figure 4 (a) Stress-strain curves of PMMA film and PMMA/GO nanocomposites; (b) 
Experimental Young’s modulus (E), tensile strength (σmax), elongation at break (εmax) and 
toughness (K) of the PVA/GO nanocomposites. 
 
Figure 3 (b) shows the X-ray diffraction profiles of the PMMA/GO nanocomposite, 
the dried co-aggregated precipitant of PMMA/GO and the physical mixture of the 
PMMA powder and GO powder with 1 % w/w GO loading. While the 001 reflection of 
the GO interlayer appeared for the physical mixture, it was not observed for the dried 
co-aggregated precipitant, as well as the nanocomposite. This suggests that the mixing 
of PMMA and GO in the presence of water is necessary for the nanodispersion of GO. 
6.3.2. Mechanical properties 
Figure 4 (a) shows the stress-strain curves of the PMMA film and the PMMA/GO 
nanocomposites. The Young’s modulus (E) remarkably increased for the 
a b
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nanocomposites. The E value was almost doubled (from 2.2 GPa to 4.1 GPa) by the 
incorporation of 1 % w/w GO loading. The high aspect ratio of GO was effectively 
imparted to the nanocomposites with their rigid structure.  
Figure 4 (b) shows the E, tensile strength (σmax), elongation at break (εmax), and the 
toughness (K) of the PMMA film and the PMMA/GO nanocomposites as a function of 
GO content (see also Table 1). Typically, polymer nanocomposites reinforced with rigid 
fillers have had some critical issues in the mechanical properties. The stress tends to 
concentrate at the interface of the matrix/filler and the craze occurs followed by the 
crack propagation, which results in the destruction of the entire composite. Therefore, 
while the E value and σ value have been increased by the incorporation of the rigid filler, 
the serious decrease in the ε value or the K value have often been reported.35 The 
improvement of this issue has been requisite. In contrast, the ε value of the PMMA/GO  
 
Table 1 Young’s modulus (E), tensile strength (σmax), elongation at break (εmax) and toughness 
(K) of PMMA film and PMMA/GO nanocomposites.  
 
E σmax εmax K 
GPa MPa % J/g 
PMMA 2.2 ± 0.1 64 ± 2.8 5.2 ± 0.4 1.7 
GO 0.05%w/w 2.3 ± 0.2 70 ± 3.7 4.9 ± 0.3 1.7 
GO 0.1%w/w 2.6 ± 0.2 71 ± 6.2 4.4 ± 0.8 2.3 
GO 0.5%w/w 3.4 ± 0.3 74 ± 1.4 4.2 ±  0.2 2.3 
GO 1%w/w 4.1 ± 0.1 75 ± 4.6 3.0 ± 0.2 1.6 
GO 5%w/w 3.6 ± 0.1 46 ± 8.5 1.8 ± 0.2 0.4 
GO 10%w/w 3.7 ± 0.2 48 ± 7.8 1.5  ± 0.1 0.4 
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Figure 5 SEM images of the cross section of (a) PMMA and (b) PMMA/GO nanocomposite 
(1 %w/w) after fracture.  
 
nanocomposites was remained almost the same as that of the PMMA film. As a result, 
the K value increased up to 35 % compared with that of the PMMA film. It was 
suggested that GO played a role in the crack pinning of nanocomposites.  
Figure 5 (a) and (b) shows the SEM images of the cross section of the PMMA and 
the PMMA/GO nanocomposites, respectively, after fracture. The PMMA had a 
conchoidal fracture, which was typical for amorphous glassy polymer, while the 
nanocomposite showed a scaly pattern. This indicates that, in the nanocomposite, GO 
prevented the crack propagation by acting as crack pinning. These results showed that 
our proposed fabrication process could successfully achieve the nanodispersion of GO. 
The ε value drastically decreased when more GO was added to the polymer matrix, due 
to the brittleness of the GO agglomerates. The strong van der Waals force was generated 
in the high content of GO, promoting the agglomeration of GO. These agglomerates 
reduced the aspect ratio of the filler and easily caused the fracture at the interface 
between the polymer matrix and the agglomerates. Therefore, the ε and σ values of the 
nanocomposites were decreased by the incorporation of high content GO loading (5% 
w/w and 10 % w/w). 
a b
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Figure 6 Temperature dependence of (a) tan δ and (b) storage modulus (E´) of PMMA film and 
PMMA/GO nanocomposites.  
 
Figure 6 (a) shows the temperature dependence of the mechanical tanδ of the 
PMMA film and the PMMA/GO nanocomposites. The main dispersion, so-called αa, in 
the region from 100 ˚C to 150 ˚C is assigned as the glass transition temperature (Tg). It 
is apparent that the peak of the αa dispersion largely shifted to the higher temperature 
and, at the same time, the intensity of the peak was suppressed for the nanocomposites. 
The Tg of the nanocomposites was found to increase 40 ˚C with only 1 % w/w GO 
loading. The increase in Tg was attributed to the restriction of the PMMA chains’ 
mobility brought by the nanodispersed GO. Figure 6 (b) shows the temperature 
dependence of the storage modulus (E´) of the PMMA film and the PMMA/GO 
nanocomposites. The decrease in the E´value over the Tg was found to be suppressed by 
the incorporation of GO. Within the entire temperature range (-150 ˚C to 200 ˚C), the 
high E´ value was maintained for the PMMA/GO nanocomposites. These results 
revealed that GO functioned as the excellent reinforcing filler. 
 
a b
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Figure 7 (a) Thermogravimetric traces of PMMA film and PMMA/GO nanocomposites; (b) 
Relationships between glass transition temperature (Tg), thermal degradation temperature (Td) 
and GO content. 
 
 
 
Table 2 Thermal degradation temperature (Td) and the glass transition 
temperature (Tg) of PMMA film and PMMA/GO nanocomposites. 
  
 
Td Tg 
ºC ºC 
PMMA 285 115 
GO 0.05%w/w 289 127 
GO 0.1%w/w 298 131 
GO 0.5%w/w 303 133 
GO 1%w/w 313 145 
GO 5%w/w 314 134 
GO 10%w/w 318 137 
a b
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Figure 8 O2 gas permeability of PMMA film and PMMA/GO nanocomposites. 
 
6.3.3. Thermal properties 
Figure 7 (a) shows the thermogravimetric traces of the PMMA film and the 
PMMA/GO nanocomposites. There was a definite enhancement in the thermal 
degradation temperature (Td) by the incorporation of GO. Figure 7 (b) shows the Tg and 
the Td of the nanocomposites as a function of the GO content. Both the Tg and the Td 
were revealed to be largely increased by the incorporation of GO. The increase in Td by 
28 ºC and in Tg by 30 ºC were observed with only 1 % w/w of GO content (Table 
2).These results suggested that the nanodispersed GO effectively suppressed the 
molecular motion of PMMA and, at the same time, acted as a barrier to hinder the 
volatile decomposition products throughout the composites.  
6.3.4. Barrier properties 
The improvements in the barrier properties have often been reported for many 
kinds of the polymer/clay nanocomposites.36–38 Exfoliated clay with high aspect ratio 
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and effective surface area in the matrix widens the pathway for the permeating gas 
molecules. The strategy for improving the barrier properties has also been expected for 
the PMMA/GO nanocomposites because of the GO morphology, which was similar to 
that of clay. 
Figure 8 shows the O2 gas permeability of the PMMA film and the PMMA/GO 
nanocomposites. Tsai et. al.39 reported a 50 % reduction of the gas permeability by the 
5 % w/w incorporation of clay into PMMA. In this study it was obvious that the O2 gas 
permeability was significantly suppressed with a small amount of GO: the 50 % 
reduction of the permeability was achieved by only 1 % w/w of GO loading. 
Furthermore, the nanocomposite with 10 % w/w of GO was found to be almost 
impermeable. In the PMMA/GO nanocomposites, the nanodispersion of GO with its 
high aspect ratio achieved the high barrier properties. 
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6.4. Conclusion 
In this study, we proposed a novel method of preparing PMMA/GO 
nanocomposites using an aqueous medium. The proposed method enabled to control the 
amount of the filler in the nanocomposites in wide range, while it has tended to be the 
two extremes, low or high. This technique was believed to be practical for the use in a 
wide variety of industries.  
In the nanocomposites, GO was found to be highly exfoliated and nanodispersed. 
The tensile test revealed the high mechanical performances of the nanocomposites. Not 
only the E value and σ value but also the K value were increased by the incorporation of 
GO. The nanocomposites also demonstrated the high barrier properties due to the high 
aspect ratio of GO together with the nanodispersion. The nanocomposite with 10 % w/w 
GO loading was found to be almost impermeable. Furthermore, a remarkable 
enhancements in the Tg and the Td were observed by the incorporation of GO. Overall, 
not only excellent properties but also the unique morphology of GO were successfully 
imparted to the PMMA/GO nanocomposites. 
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In the present work, the polymer nanocomposites reinforced with nanocarbon 
materials were prepared by the environmentally friendly process using water as a 
processing medium. The characterizations of the materials were obtained by Fourier 
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), 
dynamic light scattering (DLS), atomic force microscopy (AFM), transmission electron 
microscopy (TEM), field emission scanning electron microscopy (FE-SEM), X-ray 
diffraction (XRD) and gel permeation chromatography (GPC). Subsequently, the 
structure and the properties of the nanocomposites were investigated. Scanning electron 
microscope (SEM) and X-ray diffraction (XRD) have been utilized in the structural 
studies of the nanocomposites. The properties of the nanocomposites were studied by 
dynamic mechanical analysis (DMA), tensile test, scratch test, thermogravimetry (TG), 
differential scanning calorimetry (DSC), thermal conductivity measurement, 
thermomechanical analysis (TMA), ultraviolet-visible spectroscopy (UV-vis), swelling 
test and oxygen gas permeation measurement. In the following, the results obtained 
throughout this work are summarized. 
In chapter1, the excellent reinforcement properties of polymer nanocomposites by 
the incorporation of nanodiamond (ND) have been revealed. Poly (vinyl alcohol) (PVA), 
a water soluble polymer, was selected as a matrix. The nanocomposites were prepared 
by a simple casting method from aqueous medium, achieving the high dispersibility of 
ND in PVA. The resulting nanocomposites showed excellent properties derived both 
from ND and PVA. The Young’s modulus of the nanocomposites in particular increased 
2.5 times compared with that of the PVA film with only 1 % w/w ND loading. In 
addition, the thermal conductivity of the nanocomposites remarkably increased with a 
low content of ND. Furthermore, it was revealed that the PVA/ND nanocomposites 
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remained high optical transparency of PVA. Authors anticipate that ND will be able to 
compete as a nanofiller against conventional nanocarbon fillers for polymer composites 
with the potential for achieving the high performances in various applications. 
In chapter 2, an environmentally friendly technique was developed for the ND 
reinforced polymer nanocomposites where the polymer matrix was a water-soluble 
polymer, poly (methyl methacrylate) (PMMA). The PMMA emulsion, polymerized by 
soap-free emulsion polymerization, and the ND aqueous suspension were mixed in the 
presence of water. The nanocomposites showed high optical transparency due to the 
highly dispersed ND, having a great impact on the properties of the nanocomposites. 
For the mechanical properties, the increase in the Young’s modulus and the tensile 
strength were found to be 82 % and 75 %, respectively, with only 1 % w/w of ND. This 
indicates the strong interaction at the interface and the nanodispersion of ND in the 
nanocomposites. In addition, the toughness of the nanocomposites was effectively 
increased by 47 % with 1 % w/w ND loading. This suggests that ND had the crack 
pinning effect, preventing the crack propagation in the nanocomposites. Furthermore, 
the nanocomposites showed significant improvement in the thermal resistance due to 
the significant reinforcement effect of ND.  
In chapter 3, new concept of ND reinforced polymer nanocomposites was 
developed. The nanocomposites based on nanofibrillated cellulose (NFC) decorated 
with ND were prepared. The cationic quaternized NFC (Q-NFC) was synthesized to 
produce the ionic interaction with ND to achieve the ND decoration of Q-NFC. It was 
found that the Q-NFC was successfully decorated with ND by the favorable interactions 
in the aqueous suspension. The Q-NFC/ND nanocomposites were prepared by the 
filtration of the aqueous suspension, followed by vacuum drying. Unlike conventional 
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nanocarbon reinforced polymer nanocomposites, the Q-NFC/ND nanocomposites 
showed high optical transparency preserving the advantage of cellulose nanopaper. The 
nanocomposites exhibited remarkable enhancement in the mechanical properties, such 
as 70 % increase in the Young’s modulus and 35 % increase in the tensile strength with 
5 % w/w ND loading. The strong interaction in the nanocomposite network was 
revealed by the loading-unloading experiment. The scratch hardness of the 
nanocomposites was found to increase with increasing of the ND content. In addition, 
the experimental hardness was in good agreement with the theoretical results, indicating 
that ND was homogeneously dispersed in the nanocomposites. 
In chapter 4, graphene oxide (GO) was used as a filler for the PVA 
nanocomposites. The PVA/GO nanocomposites were prepared by a simple and 
environmentally friendly method by using water as a processing medium. It was 
revealed that GO was exfoliated as monolayer and was dispersed at nanoscale in the 
nanocomposites. The excellent properties were achieved by the incorporation of GO up 
to 1 % w/w loading. For example, the mechanical properties and the thermal properties 
were significantly increased. The experimental Young’s modulus greatly exceeded the 
theoretical values which were calculated by Halpin-Tsai equations. These excellent 
reinforcement effects were achieved not only by the rigid structure and high aspect ratio 
of the exfoliated GO but also by the strong interaction between PVA and GO. 
Furthermore, due to the sheet-like structure of GO, the barrier properties of the 
nanocomposites were found to be dramatically increased. The diffusion coefficient of 
water of the nanocomposites with 1 % w/w GO loading exceeded that of poly 
(vinylidene chloride), which is well known as a conventional high-barrier polymer. 
In chapter 5, the unique potential of GO was exploited in the nanocomposites by a 
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simple uniaxial drawing of the PVA/GO nanocomposites with a small loading amount 
of GO. The advantage of the high aspect ratio of GO was found to be effectively 
imparted to the nanocomposites properties. For the mechanical properties, not only the 
Young´s modulus and tensile strength, but also the toughness of the nanocomposites 
were increased by the uniaxial drawing. It was revealed that 260 % of the toughness 
increased by the drawing for the nanocomposite with 1 % w/w GO loading. In the 
swelling test, the drawn nanocomposites significantly suppressed the swelling in water. 
The nanocomposites achieved the excellent barrier property which is much higher than 
those of the as-cast PVA/GO nanocomposites shown in chapter 4. These results 
confirmed that GO was highly orientated parallel to the film surface by the uniaxial 
drawing. It was revealed that the excellent properties and high aspect ratio of GO were 
exploit in the nanocomposites by this simple, fast and environmentally friendly process. 
In chapter 6, GO was incorporated in PMMA in the presence of water without 
using any organic solvents and/or surfactants. Experimental results revealed the 
excellent mechanical, thermal, and O2 barrier properties of the PMMA/GO 
nanocomposites brought by the nanodispersion of GO. In the tensile test, due to the 
crack pinning effect of GO, the elongation at break of the nanocomposite was 
maintained. Therefore, not only the Young’s modulus and the tensile strength, but also 
the toughness were largely increased by the incorporation of GO. For the thermal 
properties, the remarkable increases were observed for the nanocomposites even with a 
small amount of GO. For example, the thermal degradation temperature and the glass 
transition temperature were increased 28 ºC and 30 ˚C, respectively, by 1 % w/w 
loading of GO. Furthermore, the oxygen gas permeability measurements revealed that 
the nanocomposites with 10 % w/w GO loading was almost impermeable. 
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  As is mentioned in the general introduction, the nanocomposites consist of 
nanocarbon reinforced polymers have extensively studied in various fields. In spite of 
the excellent properties, when the conventional nanocarbon materials were incorporated 
in polymer matrices, they tended to form agglomerates in polymer matrices, resulting in 
the poorer performance than expected. On the other hand, ND and GO showed high 
dispersibility in the polymer matrices due to the oxygen functional groups on the 
surface. In the present study, both water-soluble and water-insoluble polymers were 
selected as matrices for the nanocomposites. The nanocomposites were prepared in the 
presence of water, which was the key to achieve the nanodispersion of ND and GO. It 
was revealed that the nanocomposites showed excellent performances due to the 
incorporation of these nanocarbon materials, exploiting the advantages of both 
nanocarbon materials and polymer matrices. In addition, by using several different 
processes, such as the particle decoration and the uniaxial drawing, the advantageous of 
the fillers and the matrices were effectively exploited in the nanocomposites. The 
application of the polymer/ND nanocomposites and the polymer/GO nanocomposites 
are distinguishable according to the insulating and the conductive nature of ND and GO, 
respectively. Therefore, author believes that these nanocomposites, as well as the 
fabrication process, are the potential candidates for broadening the application of the 
polymer nanocomposites.  
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